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REMARKS 

Objection to the specification 

The specification is objected to for misspelling "adjuvans" and for the term "galenicals". 

Although, the term is clearly defined at page 4, lines 13-16 of the present specification, 
this does indeed seem to be a misspelling or mistranslation of the term "adjuvants.". With this 
amendment, the spelling of the term "adjuvans" has been corrected to "adjuvant." 

Regarding the term "galenicals," although the term is somewhat archaic, a dictionary 
definition of the term is available to anyone. Examples of dictionary definitions of the term are 
attached herewith as Attachment A. Further clarification is found in the discussion following the 
use of the term in the last paragraph on page 9. 

In view of Applicants' arguments, withdrawal of all objections to the specification is 
respectfully requested. 

Rejection under 35 U.S.C. § 112, first paragraph 

Claims 1 and 15 are rejected under 35 U.S.C. § 1 12, first paragraph as containing subject 
matter which is not described in the specification in such a way so as to enable one skilled in the 
art to which it pertains to make and/or use the invention. 

The Examiner argues that the present claims are not enabled because the prior art teaches 
that tumor cells are less phenotypically stable than normal cells and escape the immune response 
of the host by various mechanisms. The Office Action cites an Immunology text by Paul which 
teaches that tumor cells escape immune detection by deficient antigen presentation (Office 
action, page 4, lines 10-page 5, line 1). Although the Examiner acknowledges that the 
specification teaches induction of cytotoxic T cells against tumor cells in vitro (Office Action, 
page 3, line 21-22), the Office Action posits that the claimed peptide would not be effective 
against a tumor in situ (Office Action, page 5, lines 1-3). 

In response, Applicants submit clinical results using SEQ ID NOS:l & 2 of the present 
application as published by P. Brossart, one of the inventors of the present application, and 
colleagues (Wierecky J, Mueller M, Brossart P. Dendritic cell-based cancer immunotherapy 
targeting MUC-1. Cancer Immunol Immunother. 2005 (Attachment B). The publication 
demonstrates that objective clinical responses (1 complete response, 2 partial responses) can be 
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achieved in late-stage patients (stage IV renal cell carcinoma). This evidence directly rebuts the 
Examiner's assertion that the claimed peptide would not be effective against a tumor in situ. 

The following discussion addresses points raised in the Office Action. References 
referred to are found in Attachment C, unless otherwise specified. 

The Examiner appears to think that the present invention lacks enablement due to an 
escape of the cells by deficient antigen presentation (page 4, with respect to Paul et al.), i.e. that 
an antigen presentation would be required. This is not completely correct. The aberrant post- 
radiational modification of MUC1 in cancer cells leads to an intracellular accumulation of 
MUC1, without a secretion thereof. In carcinomas, MUC1 overexpression is found in tumors 
from breast, lung, kidney, and thyroid and correlates with an aggressive tumor and increased 
metastasis. A recent immunohistological study of 71 breast carcinomas, coupled with a review of 
the literature, indicates that it is actually the aberrant localization of intracellular MUC1 that is 
associated with a worse prognosis for the patient. The expression of MUC1 -protein at the cellular 
surface is irrelevant for the recognition of the tumor cells by either CD8+ or CD4+ T-cells, which 
recognize peptides in conjunction with HLA class I or HLA class II molecules, respectively. It is 
crucial that short peptides of MUC1, such as the one that is claimed, are generated from 
intracellular sources of polypeptides proteins. Such a generation of peptides is based on processes 
such as translation-stop-products (DRiPs, "defective ribosomal products", see Schubert U, Anton 
LC, Gibbs J, Norbury CC, Yewdell JW, Bennink JR. Rapid degradation of a large fraction of 
newly synthesized proteins by proteasomes. Nature. 2000 Apr 13;404(6779):770-4) that serve as 
source for MHC-class-I-associated peptides (Princiotta MF, Finzi D, Qian SB, Gibbs J, 
Schuchmann S, Buttgereit F, Bennink JR, Yewdell JW. Quantitating protein synthesis, 
degradation, and endogenous antigen processing: Immunity. 2003 Mar;18(3):343-54.) and 
complete intracellular proteins. Furthermore, it was shown that in HLA-A*02-transgenic mice, 
T-cells being specific for A*02-associated peptides from MUC1 protect the mice from the 
development of tumors derived from injected tumor cells expressing MUC1 (Heukamp LC, van 
der Burg SH, Drijfhout JW, Melief CJ, Taylor-Papadimitriou J, Offringa R. Identification of 
three non-VNTR MUC1 -derived HLA-A*0201 -restricted T-cell epitopes that induce protective 
anti-tumor immunity in HLA-A2/K(b) -transgenic mice. Int J Cancer. 2001 Feb l;91(3):385-92.). 
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As discussed above, clinical results with exactly the two MUC1 peptides disclosed by Applicants 
including the claimed peptide were published by P. Brossart and colleagues (Wierecky J, Mueller 
M 5 Brossart P. Dendritic cell-based cancer immunotherapy targeting MUC-L Cancer Immunol 
Immunother. 2005; see Attachment B for this reference), demonstrating that objective clinical 
responses (1 complete response, 2 partial responses) can be achieved in late-stage patients (stage 
IV renal cell carcinoma). 

The Office Action also refers to "tumor escape"-mechanisms, such as, for example as 
mentioned in Paul et al., "Fundamental Immunology". Nevertheless, the interpretation and 
conclusions of the Examiner with respect to the existence of such mechanisms and their effects 
on the invention are incorrect. As is the case in other prominent cancer therapeutics, the present 
invention does not provide a cure for cancer based on the provision of MUC1 -peptide, but 
provides a treatment for the disease, e.g., a slow-down of the progression of the disease, an 
increase in overall survival, an improved time to treatment failure by either toxicity or death, an 
increase in progression-free survival (clinical efficacy in oncology trials is usually demonstrated 
in randomized phase II clinical trials based on clinical endpoints such as, e.g., "time to disease 
progression", "median survival time", "2-year survival rate", "5-year-survival rate", "overall 
survival", "disease-free survival", "objective response rate", "progression-free survival", or "time 
to treatment failure") and/or an improved "quality of life", which can, e.g., be measured in 
"Quality-adjusted life years (QALY)". Thus, the present invention relates to a treatment of 
cancer, and is not directed to a cure. Nevertheless, the present invention and the active, i.e. T- 
cell-based immunotherapy as such can be employed with success, as can be seen, for example in 
Provenge™ of the Dendreon Corp. in the field of prostate cancer (Phase Ill-results show a 
significant increase of survival in the treatment arm vs. the placebo arm, published by Dendreon 
Corp. on 17 February 2005. The corresponding scientific publication for earlier phase II results 
are found in Burch PA, Croghan GA, Gastineau DA, Jones LA, Kaur JS, Kylstra JW, Richardson 
RL, Valone FH, Vuk-Pavlovic S. Immunotherapy (APC8015, Provenge) targeting prostatic acid 
phosphatase can induce durable remission of metastatic androgen-independent prostate cancer : 
a Phase 2 trial Prostate. 2004 Aug 1;60(3): 197-204.). Another example of successful T-cell 
based immunotherapy is found with autologous lysates in the field of renal cancer (Liponova, 
published phase Ill-results in Jocham D, Richter A, Hoffmann L, Iwig K, Fahlenkamp D, 
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Zakrzewski G, Schmitt E, Dannenberg T, Lehmacher W, von Wietersheim J, Doehn C. Adjuvant 
autologous renal tumour cell vaccine and risk of tumour progression in patients with renal-cell 
carcinoma after radical nephrectomy: phase III, randomised controlled trial Lancet. 2004 Feb 
21; 363 (9409): 594-9), and with BLP25 of Biomira Inc. in the field of non-small cell lung 
carcinoma (results of a phase lib-study presented at the 2005 ASCO Meeting on 14 May 2005 as 
a poster titled "A Liposomal MUC1 Vaccine for Treatment of Non-Small Cell Lung Cancer 
(NSCLC); Updated Survival Results from Patients with Stage IIIB Disease", Murray, et al. 
Abstract No. 7037) using a 25-mer-peptide from MUC1. Accordingly, successful cancer vaccines 
are known including the vaccine peptide claimed by Applicants. 

The Office Action also states that the pharmaceutical composition of claim 15 does not 
include co-stimulators although the specification teaches that they are required. These co- 
stimulators are dendritic cells (professional antigen presenting cells that are presenting the 
peptides, i.e. cells that are provided in vivo by the body). Dendritic cells may be recruited to the 
site of injection of a pharmaceutical product containing peptides as the sole active 
pharmaceutical ingredient by previous injection of a chemoattractant for dendritic cells such as, 
e.g., granulocyte-macrophage colony-stimulating factor (GM-CSF), or a classical adjuvant such 
as, e.g., Montanide-ISA-51. It has been shown previously by others (G. Gaudernack et al., 
Clinical trials of a peptide based vaccine targeting telomerase, 2003 ASCO Meeting, abstract 
no. 666 and presentation) that this approach is feasible. It can make sense to apply an adjuvant in 
order to further activate and/or recruit dendritic cells (as mentioned on page 4 of the description), 
nevertheless, this is not mandatory in order to achieve an effective pharmaceutical preparation. 

Scientific results that show the suitability of HLA-A*02-restricted peptides as vaccines in 
cancer-immunotherapy, are published, for example, in Banchereau et al. (Banchereau J, Palucka 
AK, Dhodapkar M, Burkeholder S, Taquet N, Rolland A, Taquet S, Coquery S, Wittkowski KM, 
Bhardwaj N, Pineiro L, Steinman R, Fay J. Immune and clinical responses in patients with 
metastatic melanoma to CD34(+) progenitor-derived dendritic cell vaccine. Cancer Res. 2001 
Sep l;61(17):6451-8). It was shown in 1997 in the case of T-cell-reactivities against multiple 
myeloma-cells that MUC1 is an antigen on myeloma cells that is recognized both by CD8- 
positive as well as CD4-positive T-cells (Noto H, Takahashi T, Makiguchi Y, Hayashi T, Hinoda 
Y, Imai K. Cytotoxic T lymphocytes derived from bone marrow mononuclear cells of multiple 
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myeloma patients recognize an under glycosylated form of MUC1 mucin. Int Immunol. 1997 
May;9(5):791-8). 

In summary, and in contrast to the opinion of the Examiner, the person skilled in the art 
would be able to practice the claimed invention based upon the description in the specification. 
The clinical evidence in Attachment B, obtained using the peptide of the claimed invention, 
directly rebuts the Examiner's position that the clamed invention is not enabled for in vivo 
disease treatment. MUC1 represents an antigen that is over-expressed in tumors on the level of 
protein, from which peptides can be derived in amounts that are suitable for a 
stimulation/expansion of specific, MHC class I-restricted, in particular HLA-A*02-restricted, T- 
cells. These T-cells that recognize peptides from MUG1 on MHC class I-molecules (in particular 
HLA-A*02-molecules) are suitable to mediate protective immunity in vivo as shown in HLA- 
A*02-transgenic mice against MUC 1 -expressing tumor cells of epithelial tumors (see papers 
above) and were shown in patients to be associated with objective clinical responses (see papers 
above). Thus, the presently claimed MUC 1 -peptide as well as its use in a pharmaceutical 
preparation is completely enabled by the present specification. 

In view of Applicants' arguments which are supported by the references provided in 
Attachments B & C, reconsideration and withdrawal of this ground of rejection is respectfully 
requested. 
Rejoinder 

Claims 1 and 15 are now believed to be in condition for allowance in view of the 
arguments presented above. Accordingly, Applicants respectfully request rejoinder of claims 21, 
24, 27, 29, and 31. 
CONCLUSION 

In view of Applicants' amendments to the specification and the foregoing 
Remarks, it is respectfully submitted that the present application is in condition for allowance. 
Should the Examiner have any remaining concerns which might prevent the prompt allowance of 
the application, the Examiner is respectfully invited to contact the undersigned at the telephone 
number appearing below. 
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Please charge any additional fees, including any fees for additional extension of time, or 
credit overpayment to Deposit Account No. 11-1410. 



Respectfully submitted, 

KNOBBE, MARTENS, OLSON & BEAR, LLP 



Che Swyden Chereskin, Ph.D. 
Registration No. 41,466 
Agent of Record 
Customer No. 20,995 
(949) 760-0404 



Dated: 
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Abstract Vaccination therapy using dendritic cells (DC) as antigen presenting cells (AEG) has 
showh significant promise in laboratory ahd anfrMl studies as a potential treatment for malignant 
diseases. Pulsing of autologous DCs with tumor-associated antigens (TAA) is a method often 
used for antigen delivery arid choice of suitable antigens plays an important role in designing an 
effective vaccine. We identified two HLA-A2 binding novel 9-mer peptides of the TAA MUC1, 
which is overexpressed on Various hematological and epithelial malignancies. Cytotoxic T cells 
generated after pulsing DC with these peptides were able to induce lysis of tumor cells 
expressing MUC1 in an antigen-specific and HLA-restricted fashion. Within two clinical studies, 
we demonstrated that vaccination of patients with advanced cancer using DCs pulsed with 
MUC1 derived peptides is well tolerated without serious s ide effects and can induce 
immunological responses. Of 20 patients with metastatic renal cell carcinoma, 6 patients showed 
regression of metastases with 3 objective responses (1 CR, 2 PR). Furthermore, we found that in 
patients responding to treatment T cell responses for antigens not used for treatment occurred 
suggesting that antigen spreading in vivo might be a possible mechanism of mediating antitumor 
effects. These results demonstrate that immunotherapy in patients with advanced malignancies 
using autologous DCs pulsed with MUC1 derived peptides can induce immunological and 
clinical responses. However, further clinical studies are needed to identify the most potent 
treatment regimen that can consistently mediate an antitumor immune response in vivo. 

This article is a symposium paper from the conference "Progress in Vaccination against Cancer 
2004 (PIVAC 4)" ? held in Freudenstadt-Lauterbad, Black Forest, Germany, on 22-25 September 
2004. 
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Introduction 

The development of effective cancer vaccines relies not only on the identification of tumor- 
associated antigens (TAA), but also on the choice of antigen source as well as the optimal route 
of antigen delivery and using of adjuvants [i]. One of the most promising approaches to cancer 
immunotherapy is the administration: of antigen-presenting cells (APC) such as dendritic cells 
(DC) loaded with TAA DCs are the most potent APCs expressing high levels of major 
histocompatibility complex (MHC) and various immunomodulatory proteins and capable of 
sensitizing T cells to new and recall antigens [2], Several techniques were established to load 
DCs with TAA. Peptides derived from endocytosed tumor lysates can be presented on MHC 
molecules after proteolytic processing [3]. RNA encoding for TAA or derived from tumor cells 
can be used to generate TAA in DC themselves [£]. One of the most common ways of generating 
tumor-specific immune responses is pulsing of DC with human leukocyte antigen (HLA) class I- 
and class II binding peptides, which are able to bind directly to the MHC molecule on the cell 
surface [J, 6]. 

MUC1 mucins are highly glycosylated type I glycoproteins expressed by various normal and 
malignant epithelial cells! siuch as breist, kidney and ovarian cancers arid hematologic 
malignancies including acute myelogenous leukemia (AML), multiple myeloma and some B-cell 
lymphoma [7-9]. The complex molecule is anchored within the cell surface by a transmembrane 
domain. The largest part is a unique extracellular domain with a variable number of tandem 
repeats (VNTR) of 20 amino acids [10, 1T\. The overexpression of MUC1 in many malignancies 
makes it an attractive and broadly applicable target for cancer vaccination therapies [12, 13]. 
Previous studies have shown that the tandem repeat of MUC 1 is highly immunogenic and that 
peptides derived from this domain are recognized by cytotoxic T cells [14, 1 5]. Furthermore, it 
has been demonstrated that epitopes derived from tliis domain can initiate antibody-mediated 
immune responses [1 6, / 7]. 

The majority of known TAA epitopes are presented within MHC class I molecules and are 
recognized by cytotoxic T cells (CTL), whereas a small number of TAA peptides are presented 
in association with MHC class II molecules and recognized by CD4+ T cells [18-20], Most of 
TAA peptides used in cancer vaccination trials bind HLA- A2, the most common MHC class I 
molecule among Caucasians. The characterization of MHC class I allele-specific motifs to define 
epitopes contained within a given antigen was an important step in the development of effective 
cancer vaccines [21, 22\ 



Identification of MUC1 derived epitopes 

For identification of MUC 1 derived epitopes, which can be used for dendritic cell-based 
vaccination therapies, we screened the MUC1 protein for HLA-A2-binding peptides using a 
computer-assisted analysis [23, 24\ Two novel 9-mer peptides, Ml.l and Ml. 2, could be 
identified. Both peptides showed a high binding probability to HLA^A2. The ML1 peptide is 
derived from the tandem repeat region of the MUC1 protein whereas M 1.2 is localized within the 
signal sequence of MUC1 [25. 26], To analyze whether these epitopes are presented by tumor 
cells endogenously expressing MUC1, we induced MUC1 peptide-specific CTL responses 1 by 
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primary in vitro immunization and used these CTL to determine the presentation of MtlGl 
epitopes on human tumor lines. DC were pulsed with Ml.l and Ml. 2 and demonstrated a high 
ability to initiate an MUCl-specific CTL responses. Incubation with the Pan-DR binding peptide 
PADRE was able to amplify the antigen-specific cytotoxic activity of the induced CTL [27]. 

In previous studies, it was shown that pulsing human lymphocytes with a liposome-encapsulated 
MUCl peptides consisting of 25 amino acids from the VNTR could induce cytotoxic T-cell 
responses [28]. Comparable to the results obtained in our experiments MUC1 peptide- specific 
cytotoxic T-cell responses as well as the secretion of IFN -gamma were detected when the in 
vitro induced CTL were analyzed for their effector functions. In our study, we demonstrated that 
CTL were able to recognize tumor cells endogenously expressing the MUC1 protein in an HLA- 
A2-restricted manner and lysed cell lines of breast, pancreatic and renal cell cancer expressing 
MUC1 and HLA-A2. The cytotoxicity against tumor cells could be inhibited by cold HLA-A2+ 
targets pulsed with the cognate peptide in a cold-target inhibition assay and by anti-HLA-A2 
MoAb. 

An increased expression and secretion of the MUCl protein is an independent predictor of poor 
prognosis and early metastatic disease in cancer patients [29, 30]. It was shown that the MUCl 
protein can induce apoptosis of activated T cells in vitro [32]. Furthermore, it has been 
demonstrated that cancer associated MUCl inhibits T-cell proliferation [32]. This inhibition was 
mediated by the whole MUCl protein or large synthetic tandem repeats of the MUCl core 
peptide and was reversible by addition of IL-2, anti-CD28 MoAb or short 16-amino acid MUC1 
peptide, indicating that vaccination therapy using short synthetic peptides in combination with 
DC and/or IL-2 may overcome the observed immunosuppression in cancer patients. These 
findings were supported by studies with MUG 1 transgenic mice, where the tolerance to human 
MUC1 antigen could be reversed by immunizing the animals with fusions of DC- and MUC1- 
expressing tumor ce lis [33] . 

Our results showed that the use of MUCl-derived peptides for a DC-based active specific 
immunotherapy could reverse the observed immunosuppression and MUCH tolerance in cancer 
patients and provide an additional, broadly applicable approach to established therapies of 
epithelial malignancies, such as renal cell, breast, and pancreatic carcinoma. 



Vaccinations with peptide pulsed dendritic cells. 
Clinical and immunological responses 

In a phase I/II study, we ^analyzed the feasibility and efficacy of HERrl/neu or MUCl pepticle- 
pulsed mature • monocyte derived DC vaccinations in heavily pretreated patients with 
metastatic cancer [34]. All patients had histologically confirmed metastatic breast or ovarian 
cancer that expressed HER-2/neu or MUCl . Ten patients with advanced diseases that were 
pretreated by multiple cycles of chemotherapy, including high-dose chemotherapy and 
autologous stem cell transplantation were included in this study. DC were pulsed with t\yo HLA- 
A2 binding peptides deduced from MUCl and two derived from the HER-2/neu protein (E75 
and GP2) [iS; 36]. Vaccinations were performed sc every 2 weeks four times and repeated 
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afterwards monthly until tumor progression. The vaccinations were tolerated with no side effects. 
After three vaccinations, peptide-specific CTL could be detected in 5 of 10 patients in the 

peripheral blood using both intracellular IFN-gamma staining and 51 Cr-release assays, 
suggesting that even after high-dose chemotherapy TAA-pulsed DCs can induce antigen-rspecific 
immune responses. The main immunologic responses in vivo were induced with the HER-2/neU- 
derived E75 and the MUC1 -derived Ml. 2 peptide, which lasted for more than 6 months, 
suggesting that these two peptides might be immunodominant. In one patient treated with MUC- 
1 peptide-pulsed DC, CEA- and MAGE-3 peptide-specific T-cell responses were detected after 
several vaccinations and MUCl peptide-specific T cells were observed in another patient after 
seven immunizations with HER-2/neu-derived peptides, suggesting that antigen spreading in 
vivo might occur after successful immunization with a single T cell epitope. 

One possible mechanism for this kind of antigen spreading might be the induction of other tumor 
antigen-specific CTL as a result of the destruction of the malignant cells by the in vivo^induced 
CTL and uptake and processing of the killed cells by APC, such as DC or macrophages [3 7-39]. 
In this report, we showed for the first time that vaccination therapy using DC pulsed with HER- 
2/neu- or MUC1 -derived peptides can induce immunologic responses in patients with advanced 
metastatic breast and ovarian cancers. 

In the subsequent study, we analyzed the clinical and immunological responses in patients with 
metastatic renal cell carcinoma (RCC) using autologous mature monocyte derived DG pulsed 
with the HLA-A2 binding MUCl peptides. 

Therapy of metastatic RCC is still challenging because of its resistance to conventional therapies 
such as radiation or chemotherapy [40]. In view of the observed spontaneous remissions of 
advanced RCC and infiltration of cancer tissue with lymphocytes and dendritic cells, immune 
mechanisms have been suggested to play a role in the natural disease course of RCC and 
immunotherapy strategies like interleukin-2 (IL-2) and interferon- o> (IFN-r*) were developed 
[£L 42]- However^ therapy is often only moderately tolerated and response rates of 20-30% 
remain unsatisfactory [43]. 

This has lead to a proliferation of clinical trials testing the effectiveness of DC-based 
immunotherapy in patients with advanced RCC [44-47]. We vaccinated 20 patients with 
metastatic RCC with DC loaded with the MUCl derived peptides Ml.L and M l. 2. For the 
activation of CD4+ T-helper lymphocytes, DC were further incubated with the PAN-HLA-DR 
binding peptide PADRE. 

Vaccinations were performed sc every 2 weeks four times and repeated afterwards monthly until 
tumor progression. After the fifth DC injection, patients additionally received three 
injections/week of low dose IL-2 (IMio IE/m 2 ) sc. In six patients, regression of metastases was 
induced with 3 objective responses (1 CR, 2 PR) and two mixed responses. Four patients had a 
stabilization of the disease. The enhancement of T cell precursor was monitored using IFN-7 

ELISPOT and 51 Cr-release assays. MUCl peptide specific T cell responses in vivo were 
detected in the PBMC of all patients with objective responses. These in vivo induced CTL were 
able to recognize target cells pulsed with the cognate peptide or matched allogeneic tumor cells 
of the cell line A498 (RCC, MUC1+, HLA-A2+) constitutively expressing MUCl in an antigen 
and HLA restricted manner after in vitro restimulation. Similar to the preceding study, we could 



10. 1007/s00262-005-0673-6 



Page 5 of 10 



demonstrate that patients responding to the treatment developed T cell responses to HLA-A2 
restricted epitopes not used for vaccinations like adipophilin, telomerase 6r OF A indicating that 
epitope spreading might occur. Proliferative responses to the PADRE peptide were detectable in 
1 1 out of 16 analyzed patients, in some patients already after the first 2-^3 vaccinations. 

Conclusion 

DC-based vaccination therapy for patients with malignant diseases has been a focus of intense 
research over the last years. Several different techniques of antigen leading of DC were 
established, the most widely used being incubation of DC with HLA-binding tumor-associated 
peptides. We were able to identify two HLA-A2 restricted peptides from the MUC1 protein and 
generated MUC-1 specific CTL, which lysed tumor cell endogenously expressing MUC1 in an 
HLA-A2 restricted fashion in vitro. We demonstrated that vaccination therapy in patient with 
advanced RCC can induce immunological and clinical responses. Irrespective of the small 
number of patients treated in these trials, the findings are encouraging and warrant further studies 
of tumor vaccination, particularly in patients with limited disease. 
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shpl -I allele; amplification using the oligos 5'-GTGACGGAAGGAGGGTTGACG-3' and 
5' - GTCTACTGATGAGTTGTCACTAGG-3' yields an 871 -bp product in plants with a 
wild-type allele of SHP1, and no product in plants homozygous for the shpl-1 allele. 
Amplification using the oligos 5' -GAGGATAGAG AACACTACG AATCGTC-3 ' and 5'- 
CAGGTCAAGTCAATAG ATTCCCTAC-3 ' yields a 1.5-kb product in plants with a wild- 
type allele of SHP2, and a single 2.8-kb product in plants homozygous for the shp2-l allele. 

Generation of transgenic plants 

A full-length SHPI complementary DNA was created by fusing the £coRI fragments of 
pClT2241 and pCIT4219 (ref. 10). The SHPI cDNA was then cloned into the BamHl site 
of pCGN18 (ref. 29), to place SHPI transcription under the control of the viral 
35S promoter 25 . A full-length SHP2 cDNA was PCR amplified with the oligos 
5 ' -G GAG ATCTG AATTCAT CTTCCCATCC-3 ' and 5 ' -CCGGTACCTCAAACAAGTTG- 
CAGAGGTGGTTGG TCTTGGlTGGAGGAATTCTGATTCGGTTCAAG-3' , using 
pQT2242 (ref. 10) as template. After cloning this product into the TA vector (Invitrogen), 
a BglWKpnl fragment containing the SHP2 cDNA was cloned into the plant trans- 
formation vector pMON530 (Monsanto)'. The resulting construct also places SHP2 
transcription under control of the 35S promoter. Transgenic plants were selected on kanamycin 
after A^robacrerium-mediated transformation. 35S::SHPJ plants are in the Landsberg 
erecta ecotype, whereas 35S::SHP2 plants are in the Columbia ecotype. 35S: :SHPI and 
35S::5HP2 plants were crossed to each other; in the Fl generation, 35S::SHP1 
35S::SHP2 plants were identified by PCR genotyping using SHPI transgene-specific 
( 5 ' -G AAGGTGGG AGTAGTCACG AC- 3 ' and 5 ' -CGG AAGG AGGGTTG ACGGCA-3 ' ) 
and SHP2 transgene-specific (5'-GGTGGTGCGAGTAATGAAGTA-3' and 
5 ' -TGGTCGGAGGGTTAACGGCG-3 ' ) oligos. 

Scanning electron microscopy 

Fruit from wild-type (Columbia ecotype), shpl shp2 mutants and 35S::SHP1 35S::SHP2 
plants were fixed for approximately 4 h at 25 °C in FAA (50% ethanol, 5% glacial acetic 
acid, 3.7% formaldehyde) and prepared for scanning electron microscopy 27 . Samples were 
examined in a Cambridge S360 scanning electron microscope using an accelerating 
voltage of lOkV. 

Histological staining 

Tissue from wild-type (Columbia ecotype), shpl shp2 and 35S::SHP1 35S::5HF2 plants 
was fixed, sectioned and stained with toluidine blue 26 with minor modifications. For lignin 
analyses, sections were stained for 2 min in a 2% phloroglucinol solution in 95% ethanol, 
then photographed in 50% hydrochloric acid. 

Molecular marker analyses 

The YJ36 enhancer trap line was generated by Agrobacterium- mediated transformation 
with the plasmid pOCA-28- 15-991 (ref. 21). Transgenic plants containing YJ36 or GT140 
(ref. 20) were crossed to shpl shp2 plants. Among the F2 population, plants with a shpl 
shp2 phenotype that also carried the respective molecular marker were selected for further 
study. Fl plants from marker crosses to 15S::SHP1 35S::SHP2 plants were genotyped for 
both transgenes, and analysed further. For ^-glucuronidase expression analyses, fruit from 
GT140, shpl shp2 GT140, 35S: :SHPl 35S::SHP2 GT140, YJ36, shpl shp2 YJ36 and 
35S: \SHPl 35S::SHP2 YJ36 plants were fixed, sectioned and stained as described 50 with 
minor modifications. 
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MHC class I molecules function to present peptides eight to ten 
residues long to the immune system. These peptides originate 
primarily from a cytosolic pool of proteins through the actions of 
proteasomes 1 , and are transported into the endoplasmic reticu- 
lum, where they assemble with nascent class I molecules 2 . Most 
peptides are generated from proteins that are apparently meta- 
bolically stable. To explain this, we previously proposed that 
peptides arise from proteasomal degradation of defective riboso- 
mal products (DRiPs). DRiPs are polypeptides that never attain 
native structure owing to errors in translation or post-transla- 
tional processes necessary for proper protein folding 3 . Here we 
show, first, that DRiPs constitute upwards of 30% of newly 
synthesized proteins as determined in a variety of cell types; 
second, that at least some DRiPs represent ubiquitinated proteins; 
and last, that ubiquitinated DRiPs are formed from human 
immunodeficiency virus Gag polyprotein, a long-lived viral protein 
that serves as a source of antigenic peptides. 
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Reasoning that proteasomes should be the principal consumer of 
DRiPs, we examined the effects of the proteasome inhibitors 
carbobenzoxyl-LeuLeu-leucinal (zLLL) and lactacystin on the 
recovery of proteins from HeLa cells pulse- radiolabeled with 
[ 35 S] methionine ([ 35 S]Met) for 30 seconds and chased for up to 
60 min. Lactacystin is a highly specific inhibitor of the proteasome 4 , 
whereas zLLL inhibits proteasomes and other proteases 5 . Radio- 
labelled cells were either directly boiled in SDS-polyacrylamide gel 
electrophoresis (PAGE) sample buffer (Fig. 1, 'All'), or lysed by 
freeze-thawing and fractionated by centrifugation into soluble 
cytosolic ( t Cyto > ) and insoluble (pellet; 'Ins') fractions before 
boiling in sample buffer. Radiolabelled proteins were resolved 
by SDS-PAGE and the quantities of radioactivity in dried gels 
were measured. For all matched inhibitor-treated and untreated 
samples, identical amounts of cellular protein were loaded per lane. 
Greater cellular equivalents were loaded for fractionated than for 
unfractionated samples; 'All' lanes therefore contained less radio- 
activity than the sum of the 'Cyto' and 'Ins' lanes. 

In the absence of proteasome inhibitors, the amount of protein 
recovered reached plateau values within 10 min following pulse 
radiolabelling (Fig. la, b). This lag presumably reflects the time 
needed to utilize [ 35 S]Met-charged tRNA. Incubation of cells with 
lactacystin/zLLL progressively increased the amount of protein 
recovered in the 'All' fraction, reaching threefold the amount 
recovered from untreated cells by 60 min. This cannot be attributed 



to an increased rate of translation or [ 35 S]Met incorporation 
because first, all of the increase occurred in the insoluble fraction, 
and second, the increase was biased towards slower-migrating 
proteins. The simplest interpretation of these findings is that a 
large fraction (two-thirds) of proteins synthesized under these 
conditions are degraded during or rapidly after translation by 
proteases sensitive to lactacystin/zLLL. On the basis of additional 
evidence presented below, we believe that they consist largely of 
DRiPs and refer to them as such in what follows. 

The consequences of preincubating cells for increasing durations 
with lactacystin/zLLL before radiolabelling were monitored by acid 
precipitation of extracts on filter paper as well as by SDS-PAGE 
(Fig. lc). The enhancing effect of lactacystin/zLLL on protein 
recovery was maximal when the inhibitors were added 10 min 
before radiolabelling; preincubation for 30 min resulted in a slight 
( 10%) decrease in the effect. Pretreating cells for 60 min had only a 
minor effect on protein recovery, whereas treating for 2 or 4h 
profoundly decreased protein synthesis. SDS-PAGE analysis of 
insoluble fractions revealed that an increased recovery of proteins 
of relative molecular mass (M r ) 46,000-250,000 (46K-250K) was 
observed only for cells exposed to lactacystin/zLLL for 10 or 30 min 
before radiolabelling. In an additional experiment (not shown), 
exposure of cells to 50 u,M zLLL immediately after pulse radiolabel- 
ling did not enhance protein recovery or modify the size or 
distribution of proteins. Thus, the optimal detection of DRiPs 
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Figure 1 Detection of cellular DRiPs. HeLa cells treated with 50 vM of zLLL/lactacystin 
each during the final 30 min of a 60-min starvation in Met-free media were radiolabelled 
for 30 s and chased for up to 60 min. a, Fluorographs of fraction samples separated by 
SDS-PAGE. All, total proteins; Ins, insoluble fraction; Cyto, cytoplasmic fraction, 
b, Quantification of the ^S-iabelled proteins in the M f 46K-250K range plotted in 
Phosphorlmager units (pU). Filled circles, insoluble fraction plus inhibitors; open circles, 
insoluble fraction without inhibitors; filled squares, total proteins plus inhibitors; open 
squares, total proteins without inhibitors; filled diamonds, cytoplasmic fraction plus 



inhibitors; open diamonds, cytoplasmic fraction without inhibitors, c, HeLa cells were 
treated with zLLL/lactacystin for the indicated durations and radiolabelled proteins 
recovered in the ins' fraction by precipitation with TCA were quantified in triplicate. 'Ins' 
fractions from the 60-min chase samples were analysed by SDS-PAGE and quantified as 
in a. No inhib., no inhibitors, d, HeLa cells were pulse-radiolabelled after incubation with 
50 p.M zLL, zLLL or lactacystin (LC) starting 15 min before the pulse. The Ins' fraction 
was analysed by SDS-PAGE directly or after extraction with SDS, renaturation and 
binding of material to ubiquitin-specific antibodies. 
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requires a narrow window of exposure time to proteasome inhibi- 
tors, just long enough, in fact, to block proteasomes before protein 
synthesis. In an additional experiment we examined the influence of 
Met starvation on DRiP formation by pulse radiolabelling for 2.5 
min with or without prior incubation in Met-deficient medium. 
Prior Met starvation doubled the quantities of DRiPs detected, 
possibly owing to protein misfolding induced by limitations in Met- 
charged tRNA. 

If DRiPs truly represent misfolded or unpartnered proteins, it is 
expected that at least a fraction of DRiPs are ubiquitinated. This was 
examined by immunoprecipitation of SDS extracts from fractio- 
nated [ 35 S]Met-labelled HeLa cells with ubiquitin-specific anti- 
bodies. Cells were treated with either 50 u.M zLLL, lactacystin or 
carbobenzoxyl-Leu-leucinal (zLL), which like zLLL is a potent 
inhibitor of thiol proteases but does not detectably inactivate 
proteasomes at the concentration used 6 . Figure Id shows the effects 
of the inhibitors on the recovery of proteins in the post-nuclear 
150,000g pellet, where it is seen that zLLL and lactacystin have 
similar effects on protein recovery when used individually (as in 
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Figure 2 Detection of viral DRiPs. HeLa cells transfected with HIV-1 clone pNL4-3 were 
treated with 25 fiM lactacystin/zLLL before being radiolabelled as in Fig. 1. Material 
recovered with anti-CA antibodies was separated by SDS-PAGE (a) and quantified as the 
ratio of counts recovered in the M r 60K-250K smear relative to counts recovered as Pr55 
Gag precursor protein (b). c, Enhanced amounts of high-M r polyubiquitinated proteins 
were recovered from the same lysates by using the FK2 monoclonal antibody, d, Lysates 
of a pulse-chase similar to that shown in a with pNL4-3 and mock-transfected HeLa cells 
were immunoprecipitated with anti-HIV antibodies, and polyubiquitinated proteins present 
in the immunoprecipitates were detected by western blotting with FK-1 monoclonal 
antibody. Major bands migrating in the Mj range 70K-160K labelled with an asterisk 
represent HIV-specific proteins that reacted with FK-2. Relative amounts of 35 S-labelled 
HIV-DRiPs migrating in the H range 70K-250K were quantified for the pulse time point 
(right panel). In b, c and d, grey columns, no inhibitors; black columns, with inhibitors. 



Fig. la-c). zLL has no significant effect on DRiP recovery, strongly 
implicating proteasomes in DRiP degradation. Quantification of 
immunoprecipitated material showed that lactacystin and zLLL 
increase by ~4. 5- fold the recovery of ubiquitinated material relative 
to untreated or zLL-treated cells. As after direct loading on gels, 
most anti-ubiquitin-reactive material migrated at M r > 43K. 

We next examined whether we could detect DRiPs generated 
from a specific gene product, the Pr55 Gag polyprotein precursor of 
human immunodeficiency virus type 1 (HIV-1), which is the source 
of a large variety of class I antigenic peptides. HeLa cells were 
transfected with an infectious molecular clone of HIV-1, and the 
soluble material in high-detergent-concentration extracts from 
pulse- radiolabelled cells that bound to a mixture of antibodies 
raised against the major Pr55 processing product capsid (CA), 
was analysed by SDS-PAGE (Fig. 2a). In cells treated with zLLL/ 
lactacystin just before labelling we detected, in addition to the 
expected Gag precursor protein Pr55, an increasing intensity of 
individual diffuse bands in addition to a smear of proteins between 
them migrating from M r 60K to the top of the stacking gel. The 
magnitude of the increase (Fig. 2b) suggests that —40% of the 
specific radioactivity recovered by anti-CA antibodies consists of 
high-M r Gag-DRiPs. The smear recovered by anti-CA antibodies 
was not recovered under the same conditions from cells transfected 
with a control plasmid nor when non-transfected [ 35 S]Met-labelled 
cells were mixed with unlabelled HIV-1 -expressing cells before 
extraction (not shown). This strongly suggests that the smear 
truly represents Gag-DRiPs and not cellular proteins that bind 
non-specifically to Gag-anti-Gag immune complexes. In the same 
experiment there was also a large increase in the amount of 
radiolabelled polyubiquitinated proteins that bound to a mono- 
clonal antibody, FK2, specific for polyubiquitinated proteins 7 
(Fig. 2c). We next demonstrated that the high-M r smear recovered 
with HIV-specific antibodies from cells treated with proteasome 
inhibitors represents polyubiquitinated viral proteins by showing 
that the material reacted in western blots with the FK2 monoclonal 
antibody (Fig. 2d). This was a specific effect, requiring that cells 
both express HIV proteins and be exposed to proteasome inhibitors. 
These findings show that ubiquitinated forms of a defined long- 
lived viral gene product are produced rapidly after synthesis and are 
destroyed by proteasomes. 

If DRiPs are abundant and largely ubiquitinated, then blocking 
protein synthesis should rapidly deplete polyubiquitinated protein 
pools. This prediction was confirmed when HeLa cells were treated 
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Figure 3 Dependence of polyubiquitinated proteins on continuing protein synthesis. HeLa 
cells were treated with or without protein synthesis inhibitors in the presence or absence 
of 25 |xM zLLL for up to 120 min. The relative levels of polyubiquitinated proteins were 
detected by western blotting of total cell lysates with the FK-2 monoclonal antibody 
specific for polyubiquitin. Left panels, with protein synthesis; lower panels, without protein 
synthesis; top panels, with zLLL; lower panels, without zLLL. 
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with protein synthesis inhibitors in the presence or absence of 
proteasome inhibitors, and levels of polyubiquitinated proteins 
were determined in western blots with the FK2 monoclonal anti- 
body. In zLLL-treated cells, blocking protein synthesis retarded the 
accumulation of polyubiquitinated proteins (Fig. 3). This echoes 
earlier findings that protein synthesis is required for the accumula- 
tion of ubiquitin at the microtubule-organizing centre 8 , now known 
to be a specialized location for protein degradation 9,10 . Importantly, 
in the absence of proteasome inhibitors, blocking protein synthesis 
rapidly depletes polyubiquitinated proteins, providing evidence for 
the existence of DRiPs in cells not exposed to proteasome inhibitors. 
These data suggest that DRiPs are a significant source of ubiquitinated 
proteins and that a substantial proportion of DRiPs are poly- 
ubiquitinated. Given the high level of DRiP ubiquitination, it was 
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Figure 4 DRiP formation in lymph node cells and effect of protein synthesis inhibitors on 
class I transport, a, Lymph node cells were radiolabeled for 2.5 min in the absence or 
presence of 10 zLLL, 10 lactacystin and 1 jxM clasto-lactacystin p-lactone. Total 
('AH') or fractionated ('Ins' and 'Cyto') cell lysates were separated by SDS-PAGE; in the 
graph the relative amounts of proteins in the M r range 14K-250K detected in the 'AH' 
fraction are plotted against the duration of the chase. Circles, no inhibitors; squares, with 
inhibitors, b, Pulse-radiolabelled RMA cells were chased for the indicated durations in the 
presence (open circles) and absence (filled circles) of protein synthesis inhibitors, and K b , 
D b and transferrin receptor (TfR) molecules were recovered with specific monoclonal 
antibodies. Each class I specific monoclonal antibody was used twice sequentially to 
insure quantitative recovery. Shown is a time-dependent shift in mobility in SDS-PAGE 
quantified by Phosphorlmager analysis. CHO, A/-linked carbohydrate. 



possible that a significant fraction of the signal detected in the 
high-M r 35 S-labelled DRiPs emanated from Met residues in ubiqui- 
tin synthesized de novo. This possibility was eliminated by detecting 
DRiPs after labelling with [ 35 S]Cys, a residue not present in 
ubiquitin (data not shown). 

The experiments described so far used HeLa cells, which are 
highly aneuploid. We extended these results to dendritic cells, which 
are believed to function in vivo to present endogenously synthesized 
viral antigens to naive T cells u . With the use of a dendritic cell line 
derived from mouse bone marrow, DRiPs also constituted a 
significant fraction of newly synthesized proteins (see Supplemen- 
tary Information). Although it is not technically feasible to label 
cells in vivo, we approached this ideal by also measuring DRiPs in 
lymph node cells as quickly as possible after their removal from mice 
(Fig. 4a). The results completely recapitulated the findings made 
with dendritic and HeLa cells, with the added feature that, after 
preservation of the stacking gel in this experiment, it was clear that 
DRiPs were also present as high-M r material that barely entered the 
stacking gel. We estimate that, under these conditions, DRiPs 
constitute 30% of newly synthesized proteins on the basis of the 
differences in total radioactivity detected for each time point in 
fluorograms of Fig. 4a. 

We tested the prediction that DRiPs are a significant source of 
peptide ligands for class I molecules by examining the effect of 
blocking protein synthesis on the transport of mouse class I 
molecules H-2D b and H2K b class I molecules from the endoplasmic 
reticulum, which is known to be controlled by the availability of 
suitable peptide ligands 12 . The export of nascent class I molecules 
was assessed by collecting class I molecules pulse-radiolabelled with 
[ 35 S]Met and tracking the decreased electrophoretic mobility asso- 
ciated with the sialylation of N-linked oligosaccharides in the trans- 
Golgi complex (Fig. 4b). As reported previously 13 , K b is exported 
more rapidly than D b . Notably, the export of both allomorphs is 
slowed 2-3-fold by blocking protein synthesis immediately after 
labelling. In contrast, the export of the transferrin receptor was 
unaffected, showing that the effect on class I molecules is not due to 
general retardation in membrane protein export from the endo- 
plasmic reticulum. 

We believe that this is the first study to examine the overall 
efficiency of protein biogenesis. Using the most physiological cell 
system (lymph node cells ex vivo) under the most physiological 
conditions (no Met starvation), one- third of newly synthesized 
proteins are rapidly destroyed by proteasomes. We note that the 
precise proportion of DRiPs relative to truly short-lived proteins, as 
well as the relative contributions of errors in mRNA synthesis, 
processing and translation versus errors in protein folding remain to 
be directly established. But these findings, in conjunction with 
others 14 , firmly link the generation of class I peptide ligands to 
continuing protein synthesis. The fact that self peptides recovered 
from class I molecules in sufficient quantities for chemical identi- 
fication demonstrate no apparent molar bias towards derivation 
from short-lived proteins 1516 indicates strongly that most of the 
rapidly degraded proteins that we identify in the present study are in 
fact DRiPs derived mostly from long-lived proteins. The 70% 
efficiency for protein biosynthesis compares favourably to an 
estimated 50% efficiency for producing functional mRNA from 
heterogeneous nuclear RNA' 7 . The remarkably high abundance of 
proteasomes (constituting 1% of total cellular protein) is consistent 
with a high constitutive level of DRiPs requiring disposal. We expect 
that some proteins are more disposed than others towards becom- 
ing DRiPs, on the basis of size and inherent difficulties in folding or 
assembly. If DRiPs maintain some elements of native structure, they 
might act in a dominant- negative manner to interfere with the 
function of proteins that associate with normally folded domains of 
DRiPs, as seems to occur with HIV-1 Gag (U.S., unpublished data). 
If under some conditions DRiP degradation were delayed, this could 
contribute to disease processes. □ 
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Methods 

The cultivation of RMA and HeLa cell lines, as well as the generation of dendritic and 
lymph node cells are described in detail elsewhere (see Supplementary Information). 
Different cells vary considerably in their sensitivities to the various proteasome inhibitors, 
in terms of efficacy and adverse effects (decreased protein synthesis and viability). The 
amounts and concentrations of inhibitors used for different cells were optimized. For 
pulse-chase experiments, cells were incubated at 37 °C for up to 60 min in Met-free, 
serum-free RPM1 (M'RPMI) before being radiolabeled. Cells (usually ~10 7 ) were 
pelleted, resuspended in 150 u.1 M'RPMI prewarmed to 37 °C and radiolabelled by 
adding prewarmed | 35 Slmethionine (Amersham Life Science) to a final concentration of 
5 mCi ml* 1 . After incubation of cells at 37 °C for 30 or 150 s, 1 ml ice-cold lscove's DM EM 
with 10% fetal bovine serum (D and supplemented with 10 mM Met (MT) was added, 
and cells were microcentrifuged for 10 s at 8,000g, aliquoted into 1 ml prewarmed M + I + , 
and incubated on a rotating platform at 37 °C during the chase period. In experiments in 
which cells were pulse-labelled for 30 s, cells were washed and aliquoted in ice-cold M*V. 
Cells were lysed by 3 cycles of freeze-thawing (37 °C water bath alternated with solid C0 2 ) 
in isotonic buffer (0.25 M sucrose, 10 mM triethanolamine, 1 mM EDTA, 20 mM acetic 
acid pH 7.4) containing 1 mM phenylmethylsulphonyl fluoride (PMSF), 5 mM /V-ethyl 
maleimide, 20 p.M zLLL, 20 u-M lactacystin, 100 units ml - ' DNase I and Complete 
protease inhibitor cocktail (Boehringer Mannheim). Insoluble material was separated 
from the soluble cytosolic fraction by centrifugation of cell lysates at 1 50,000g for 2 h at 
4°C. For the experiment shown in Fig. Id, nuclei were removed before ultracentrifugation 
by centrifugation at 3,000g for 10 min at 4°C. 

Aliquots of unfractionated cells resuspended in isotonic buffer before freeze-thawing 
('All' fraction) were immediately mixed with boiling sample buffer (2% (w/v) SDS, 1% 
(v/v) 2-mercaptoethanol, 1% (v/v) glycerol, 65 mM Tris-HCl pH 6.8, 20 u,M zLLL, 20 u.M 
lactacystin). Pellets of insoluble material after ultracentrifugation were resuspended in 
Chaps-deoxycholate buffer (50 mM Tris-HCl pH 8.0, 5 mM EDTA, 100 mM NaCI, 0.5% 
(w/v) Chaps, 0.2% (w/v) deoxycholate) containing inhibitors as above, and equivalent 
amounts of soluble and insoluble samples were injected into boiling sample buffer. 
Samples were separated in 12.5% (w/v) Acryl aide Prosieve gels (FMC Byproducts). Gels 
were fixed for 30 min in 40% (v/v) methanol, 10% (v/v) acetic acid, rinsed with water, 
soaked in 1 M sodium salicylic acid for 3 h, and dried. Radioactivity in gels was quantified 
with a Phosphorlmager (Molecular Dynamics). For precipitations with trichloroacetic 
acid (TCA), aliquots of cell lysates were spotted onto DEAE- cellulose, washed with 10% 
(w/v) TCA and twice more with 70% ethanol then dried; radioactivity was then 
determined with a 0-plate counter (MicroBeta 1450 Trilux; Wallac Oy). All estimations 
were done in triplicate. 

Immunoprecipitation with ubiquitin-specific antibodies (mixture of polyclonal rabbit 
IgGs from several commercial sources) prebound to Protein G-Sepharose was performed 
on protein samples that had been denatured in SDS under non-reducing conditions, 
precipitated with acetone, resuspended in Chaps-deoxycholate buffer containing inhibi- 
tors as above, and renatured in Triton buffer (300 mM NaCI, 50 mM Tris-HCl pH 7.4, 

0. 1. (v/v) Triton X-100, 1 mM PMSF). For western blot analysis, HeLa cells were cultured 
in six- well plates and treated with a mixture of protein synthesis inhibitors (25 u-g ml -1 
cycloheximide, 25 u.g ml -1 emetine and 25 fig ml -1 puromycine) or proteasome inhibitors. 
Cells were lysed while attached on the plate with Chaps-deoxycholate buffer containing 
inhibitors as above. Aliquots of lysates were separated in 8% Prosieve gels, electrotrans- 
ferred to Immobilon P membranes (Miliipore), probed with mouse monoclonal antibody 
specific for polyubiquitin (clone FK-1; Nippon Bio-Test Laboratories), and developed by 
using the ECL system (Pierce). 

For detection of HIV- 1 Gag-DRiPs HeLa cells were transfected with pNL4-3 (ref. 18) by 
using LipofectAMINE 2000 (Gibco BRL) and a standard pulse-chase was conducted 24 h 
later. After the chase, cells were frozen on solid C0 2 , thawed and instantly lysed in Chaps 
buffer containing 1% deoxycholate and protease inhibitors as above. After being 
precleared with preimmune serum, aliquots of lysates were immunoprecipitated with 7- 
globulin from pooled plasma of HIV- 1 donors (NIH AIDS Research and Reference 
Reagent Program, catalogue number 192) and a cocktail of six monoclonal and three 
polyclonal antibodies directed against various epitopes of HIV- 1 CA derived from native, 
recombinant and synthetic HIV-1 Gag proteins (catalogue numbers 287, 384, 1238, 1239, 
1241, 1244, 4121 and 4250), as well as against full-length recombinant CA produced in 
Escherichia coli (Seramun GmbH). Polyubiquitinated forms of anti-HIV-1 immuno- 
precipitates separated in 6% Acryl aide gels were transferred to membranes and probed 
with the FK-1 monoclonal antibody. The pulse-chase experiment and the analysis of 
class I transport in RMA cells are described in detail elsewhere (see Supplementary 
Information). 
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The transporter associated with antigen processing (TAP) is a 
member of the family of ABC transporters that translocate a large 
variety of substrates across membranes 1 . TAP transports peptides 
from the cytosol into the endoplasmic reticulum for binding to 
MHC class I molecules and for subsequent presentation to the 
immune system 2 . Here we follow the lateral mobility of TAP in 
living cells. TAP's mobility increases when it is inactive and 
decreases when it translocates peptides. Because TAP activity is 
dependent on substrate, the mobility of TAP is used to monitor 
the intracellular peptide content in vivo. Comparison of the 
diffusion rates in peptide-free and peptide-saturated cells indi- 
cates that normally about one-third of all TAP molecules actively 
translocate peptides. However, during an acute influenza infec- 
tion TAP becomes fully employed owing to the production and 
degradation of viral proteins. Furthermore, TAP activity depends 
on continuing protein translation. This implies that MHC class I 
molecules mainly sample peptides that originate from newly 
synthesized proteins, to ensure rapid presentation to the 
immune system. 

TAP is composed of two subunits, TAP1 and TAP2, that form a 
structure consisting of a transmembrane domain, a peptide-binding 
domain and two nucleotide-binding domains 3,4 . To investigate 
whether conformational changes in TAP would affect its lateral 
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Summary 

Using L929 cells, we quantitated the macroeconomics 
of protein synthesis and degradation and the micro- 
economics of producing MHC class I associated pep- 
tides from viral translation products. To maintain a 
content of 2.6 x 10 9 proteins, each cell's 6 x 10 6 ribo- 
somes produce 4 x 10* proteins min~ 1 . Each of the 
cell's 8 x 10 5 proteasomes degrades 2.5 substrates 
min" 1 , creating one MHC class l-peptide complex for 
each 500-3000 viral translation products degraded. 
The efficiency of complex formation is similar in den- 
dritic cells and macrophages, which play a critical role 
in activating T cells in vivo. Proteasomes create anti- 
genic peptides at different efficiencies from two distinct 
substrate pools: rapidly degraded newly synthesized 
proteins that clearly represent defective ribosomal 
products (DRiPs) and a less rapidly degraded pool in 
which DRiPs may also predominate. 

Introduction 

Contemporary cell biology is dominated by reductionist 
approaches. Faced with the daunting complexity of 
cells, cell and molecular biologists typically examine 
isolated components of systems without accounting for 
their place in the larger scheme. Despite the fact that 
quantitative aspects of systems are critical to their un- 
derstanding, they are frequently ignored. 

A case in point is protein synthesis and degradation, 
clearly two of the more important tasks performed by 
cells. There has been remarkable progress toward un- 
derstanding how proteins are degraded by eukaryotic 
cells (Hershko and Ciechanover, 1 998; Rock and Gold- 
berg, 1999). Scant attention has been paid, however, 
to quantitative aspects of degradation. Clearly, protein 
synthesis and degradation must be balanced for cells 
to maintain viability. The degradative machinery must 
have sufficient baseline capacity to dispose of damaged 
or defective proteins produced by cells under normal 
conditions and sufficient excess capacity to cope with 
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various forms of physical or chemical stress that rapidly 
increase protein turnover. Cell growth or activation is 
also expected to increase the protein disposal rate due 
to increased rates of protein synthesis and also the 
redistribution of cellular resources to new tasks. 

Extending the previous work of Wheatley (1989), we 
recently provided evidence that a significant fraction 
(upwards of 30%) of proteins are degraded by protea- 
somes shortly after their synthesis, presumably due in 
large part to their inability to achieve a functional state 
(we have termed such proteins defective ribosomal 
products [DRiPs]) (Schubert et a!., 2000). One explana- 
tion for the apparent inefficiency in protein synthesis is 
that it is less costly for cells to degrade a high fraction 
of defective proteins than it is to synthesize proteins 
more efficiently. To evaluate the costs, we need to know 
the rate of protein synthesis and its energetic costs. We 
also need to know the number of proteasomes and the 
turnover rates required for degradation of such a large 
fraction of nascent proteins. 

The importance of understanding protein degradation 
in quantitative terms is heightened by its contribution 
to immune surveillance. The vertebrate immune system 
uses the peptide products of proteasomal degradation 
to monitor the presence of viruses and other intracellular 
parasites (Rock et al., 2002). A fraction of proteasomal 
peptides find their way to class I molecules of the major 
histocompatibility complex (MHC) which display them 
on the cell surface for perusal by T cell receptors on 

CD8 + T cells (TcD8+)« 

Many quantitative aspects of antigen processing are 
uncertain. What fraction of viral peptides derives from 
DRiPs? What is the efficiency of generating peptides 
from proteasomal substrates? Do these numbers vary 
widely between different substrates? What are the rates 
of peptide generation and class I transport? What is the 
capacity of the class I presentation system? 

In this study we provide answers to these questions, 
show that the rate of class I peptide complex formation 
can be used to estimate the rate of DRiP formation 
(referred to henceforth as the "DRiP rate") of a given 
substrate, and relate the economics of antigen pro- 
cessing to the overall protein and energy economies of 
the cell. 

Results 

The Protein Economy of L-K b Cells 
In the studies that follow we primarily use mouse L929 
cells. To employ the 25-D1 .1 6 mAb for quantitating pep- 
tide class I complexes (Porgador et al., 1997), we used 
cells transfected with a cDNA encoding the mouse H-2 
K b class I molecule (termed L-K b cells). 

Our first (and easiest) step in characterizing the pro- 
tein economy of L-rC cells was to determine their protein 
content. This amounted to 200 pg cell' 1 as determined 
by the Biorad DC protein assay or 2.6 x 1 0 9 copies cell" 1 
of a typical protein defined as consisting of 466 amino 
acid residues (the average length in the EMBL human 
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Figure 1 . Determination of Protein Concentrations in L-K b Cells 

(A and B) Two-fold serial dilutions of lysatesfrom L-K b cells infected with rW-expressing NP-GFP or uninfected control cells were immunoblotted 
for ribosomes (A) or proteasomes (B). Purified ribosome and proteasome preparations were used to generate standard curves to determine 
proteasome and ribosome concentrations. 

(C) Accumulation of chimeric NP-GFP molecules in L-K b cells infected with rW-expressing NP-GFP (squares), KEKE-NP-GFP (X), R-NP-GFP 
(triangles), or OVA (circles). Note that nonfluorescent OVA defines autofluorescence levels. 

(D) (Right side) L-K b cells (10' cells/lane) infected with rW-expressing chimeric NP-GFP 2.5 hr p.i. and immunoblotted with NP-specific 
antibodies. (Left side) Purified influenza nucleoprotein added to uninfected cell lysates was run on the same gel to generate a standard curve. 

(E) (Right side) L-K* cells (cell number per lane indicated) infected with rW-expressing NP-GFP or KEKE-NP-GFP 5 hr p.i. and immunoblotted 
with anti-NP antibodies. Uninfected cell lysates were added to samples to maintain 10 4 cell equivalents per lane, (Left side) Same as for (D). 



proteome). Next, we used quantitative Western blotting 
in conjunction with purified ribosome and proteasome 
standards to determine copy numbers. L-K b cells pos- 
sess 6 x 10 6 ribosomes and 10 6 proteasomes ceir 1 
(Figures 1A and 1B). We need to correct these figures 
to account for subunits that are not present in functional 
assemblies. For ribosomes, this should be minimal since 
the half-life of assembled ribosomes (10 d) is much 
longer than their assembly time (Nissen-Meyer and Eik- 
hom, 1976). There is no comparable data for protea- 
somes in L929 cells, but it has been reported that 75%- 
80% of proteasome subunits are present in functional 
assemblies in a rapidly dividing mouse cell line (Nandi 
et al., 1 997). Extrapolating this result to L-K 1 * cells results 
in a copy number of ~8 x 10 5 functional proteasomes 
cell" 1 . 

We next measured the rate of protein synthesis by 
measuring the incorporation of 3 H-Leu into TCA insolu- 
ble material by L-K b ceils labeled in normal growth media 
(see Experimental Procedures). The apparent rate of 
protein synthesis was 3.3 x 10 6 proteins min" 1 . This 



does not account for DRiPs, however, some of which 
are degraded during pulse labeling (Schubert et al., 
2000). To estimate the fraction of newly synthesized 
proteins degraded under these conditions, we radiola- 
beled cells in the presence and absence of proteasome 
inhibitors. These data indicate that the true rate of pro- 
tein synthesis is ~25% greater than the measured rate 
in the absence of proteasome inhibitors, or ~4 x 10 6 
proteins min -1 . This value is consistent with the ribo- 
some count; given a typical translation rate of 5 amino 
acid residues s" 1 (Palmiter, 1975), each ribosome can 
produce a typical protein every 93 s, which amounts 
to 3.9 x 10 6 proteins cell" 1 min -1 if all ribosomes are 
translating proteins at this rate. Our data indicate that 
there are few idle ribosomes in L-K b cells. 

Can we account for the fate of the 4 x 10 6 proteins 
produced each min? Based on recovery of TCA insolu- 
ble material in pulse-chase experiments, we find that 
1.3 x 10 6 proteins min" 1 are degraded by proteasomes 
within the first 2 hr of their synthesis (1 x 10 6 min" 1 in 
the first 10 min), 4.7 x 10 5 proteins min" 1 are secreted 
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Table 1. Chimeric Protein Construct Names and Descriptions 


Name 


Protein 


Description 


NP-GFP 
R-NP-GFP 
KEKE-NP-GFP 
OVA 

MSIINFEKL 


NP-SIINFEKL-EGFP 
Ub-R-NP-SIINFEKL-EGFP 
NP-KEKE-SIINFEKL-EGFP 
Chicken egg ovalbumin 
SlINFEKL peptide 


Stable, nuclear form of protein 
Posttranslationally degraded (t l/2 ~ 10 min) 

Misfolded NP; forms an unstable cellular pool of protein (t 1/2 ~ 70 min) 
Full-length ovalbumin; secreted protein; no cellular protein pool accumulates 
Minimal K* binding peptide with amino terminal met from initiating AUG 



or released from cells within an hour of their synthesis, 
and a further 5 x 1 0 5 proteins min" 1 are degraded over 
the next 22 hr based on a measured turnover rate of 
1.1% of long-lived proteins per hour (see Experimental 
Procedures). This would leave 1.7 x 10 6 proteins min" 1 
to create a daughter L-K b cell, which is remarkably close 
to the number of proteins (1.8 x 10 6 min" 1 ) needed to 
double cellular protein content to support a cell division 
time of 24 hr. 

We next determined the energetic cost of protein syn- 
thesis in L-K b cells. When protein synthesis was blocked 
by adding cycloheximide to cells, oxygen consumption 
was reduced by 34%. We measured the efficiency of 
producing ATP from 0 2 under these conditions to be 
75% (using oligomycin to block the mitochondrial 
ATPase), meaning that protein synthesis consumes 
~45% of cellular ATP supplies. This is a minimal esti- 
mate of the cellular energy that is devoted to protein 
synthesis since, using the medium required for measur- 
ing ATP consumption, protein synthesis was diminished 
relative to cells incubated in growth medium. This under- 
scores the high price that cells pay for protein synthesis, 
~5 ATP per peptide bond or 2300 ATP per typical pro- 
tein. The cost of DRiPs in energetic terms is correspond- 
ingly high: a DRiP rate of 25% corresponds to ~11% 
of total cellular energy usage. 

In addition, we found that treating L-K b cells with the 
proteasome inhibitor lactacystin did not result in any 
detectable reduction in oxygen consumption (data not 
shown). Although proteasome mediated protein degra- 
dation consumes ATP, the amount of ATP used would 
have to be on the order of 150 ATPs substrate" 1 to 
account for even a 1 % reduction in oxygen consump- 
tion, given a proteasome-mediated degradation rate of 
1.8 x 10 6 proteins min" 1 . A 1% reduction in oxygen 
consumption is below the sensitivity of detection of the 
method used. Even if proteasome ATP consumption is 
larger than this, it might not be inhibited by proteasome 
inhibitors, since the energy is expended by the 1 9S sub- 
unit which may continue to function while attached to 
inactivated 20S proteasomes. 

Quantitating Antigen Processing in L-K b Cells 
Step 1: Quantitating Substrate Synthesis 
Several recent studies suggest that a large portion of 
the peptides presented by MHC class I molecules on 
the cell surface are derived from nascent proteins (Schu- 
bert et al., 2000; Reits et al., 2000; Khan et al., 2001). 
To gain a more quantitative understanding of peptide 
generation, we used a panel of recombinant vaccinia 
viruses (rW) that express chimeric proteins containing 
influenza nucleoprotein (NP), a 498 residue protein with 
an extremely high metabolic stability as measured by 
standard means (Table 1). 



The first construct expresses NH 2 -terminal NP fused 
with the chicken egg ovalbumin-derived K b binding 
SlINFEKL peptide and enhanced green fluorescence 
protein (GFP) at the COOH terminus (this chimera is 
termed NP-GFP). In the second chimera, a sequence 
consisting largely of repeated Lys-Glu residues is in- 
serted into NP-GFP (KEKE-NP-GFP) (Anton et al., 1999). 
The KEKE motif causes NP-GFP to misfold and is de- 
graded by the ubiquitin (Ub)-proteasome system with a 
ti/2 of ~70 min in L-K b cells (data not shown). In the third 
chimera, the initiating Met of NP-GFP is replaced by Arg 
fused at the COOH terminus of Ub (R-NP-GFP). Ub is 
cotranslationally cleaved by Ub hydrolases, and the re- 
maining protein is degraded by proteasomes with a t 1/2 
of 10 min in L-K* cells (data not shown). 

Following infection of L-K b cells with rWs, GFP syn- 
t thesis was monitored by flow cytometry at 1 0 min intervals 
* for 5 hr. Between 50 and 60 min after adding W-NP-GFP 
to cells, we first detected GFP, whose rate of accumulation 
accelerated until peaking approximately 30 min later (Fig- 
ure 1C). Detection of the modified NP-GFP chimeras dis- 
played similar kinetics, but with a gentler slope that eventu- 
ally decelerated as the rate of degradation matched the 
rate of synthesis. The character of these curves is com- 
pletely consistent with the measured biochemical half- 
lives of the respective proteins (Figure 1 D). 

We measured the amount of NP-GFP fusion proteins 
by quantitative Western blotting (Figure 1E). This re- 
vealed that 1 fluorescent unit corresponds to 1 x 10 4 
molecules, and therefore the cellular concentration of 
NP-GFP 5 hr after infection is 8 x 10 6 molecules cell" 1 . 
Starting at ~90 min postinfection, NP-GFP accumulates 
at a rate of 2.2 x 10 s molecules hr" 1 . 

We confirmed the validity of these figures by metabolic 
radiolabeling. W-NP-GFP infected cells were radiolabeled 
with pSJ-Met. After resolving [^SJ-Met labeled proteins 
via SDS-PAGE, we used a Phosphorlmagerto determine 
the fraction of radioactivity incorporated in NP-GFP. 
Taking into account the Met content of NP-S-GFP, we 
calculated that NP-GFP production ranged from 1 .4% 
to 2.5% of the total protein synthesis in rW-infected 
L-K b cells in several different experiments. Based on the 
overall rate of protein synthesis determined using [ 3 H]- 
Leu to label a different aliquot of cells in the same experi- 
ment, we calculated that cells produced between 
2.1-3.8 x 10 6 NP-GFP molecules hr" 1 , which agrees with 
the Western blot data. 

Radiolabeling further revealed that the rate of NP-GFP 
synthesis attained maximal levels approximately 30 min 
earlier than fluorescence as determined by flow cytome- 
try. The acquisition of fluorescence by GFP expressed 
in bacteria under anaerobic conditions upon exposure 
to oxygen demonstrates similar kinetics (t 1/2 = 27 min) 
(Heim et al., 1 995), suggesting that the rate-limiting step 
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Figure 2. K b -SIINFEKL and Chimeric NP-GFP Levels in rW-lnfected L-K b Cells 

(A) L-K b cells were infected with rWs expressing NP-GFP (squares), KEKE-NP-GFP (X), R-NP-GFP (triangles), or OVA (circles). Surface K b - 
SIINFEKL complexes were quantitated by direct staining with Alexa Fluor 647-conjugated 25-D1.16 mAb. 

(B) Surface K b -SIINFEKL levels from (A) expressed as the percent of maximum expression for each construct. Graph symbols are the same 
as for (A). 

(C and D) GFP levels in L-K b cells infected with rW-expressing NP-GFP (C) or KEKE-NP-GFP (D) and treated 1 40 min p.i. with protein synthesis 
inhibitors (squares) or left untreated (circles). 



in GFP maturation in eukaryotic cells is also oxidation 
of the fluorophore. 

Step 2: Quantitating Peptide Class I Complexes 
We quantitated K b -SIINFEKL complexes (hereafter re- 
ferred to as complexes) using 25-D1 .1 6 mAb conjugated 
to Alexa Fluor 647. By relating fluorescence intensity to 
a standard curve, we could determine the number of 
complexes present on the surface of rW-infected cells 
shown in Figure 1C. In addition to the rWs described 
above, we used rWs encoding chicken egg ovalbumin 
(OVA) (the source of SIINFEKL) or MSIINFEKL. 

As seen in Figure 2A, ~3 x 10 3 complexes are gener- 
ated after a 5 hr infection with either W-NP-GFP or 
W-OVA. Although R-NP-GFP is degraded rapidly, the 
number of complexes increases only 3-fold. By 5 hr 
postinfection a similar number of complexes are pro- 
duced from KEKE-NP-GFP as from R-NP-GFP. Interest- 
ingly, the kinetics of peptide-class I complex generation 
markedly differs between these two substrates. While 



the rate of complex formation from R-NP-GFP plateaus 
at ~1 10 min postinfection, the rate of complex formation 
from KEKE-NP-GFP accelerates throughout the infec- 
tion period. This suggests that complexes are derived 
from two pools of KEKE-NP-GFP, one that is degraded 
rapidly and the other more slowly. As the latter pool 
accumulates, the absolute rate of degradation in- 
creases, and the rate of complex generation increases 
in step. 

Note that the peptide generation curves for R-NP-GFP 
and KEKE-NP-GFP eventually cross. Since the rates of 
synthesis of the two proteins are similar (if anything, 
slightly more R-NP-GFP is synthesized) (data not shown), 
this indicates that the efficiency of generating SIINFEKL 
from the two proteins differs. Calculation of the slopes 
reveals that by 4 hr postinfection (p.i.), SIINFEKL is gen- 
erated at twice the efficiency from KEKE-NP-GFP than 
from R-NP-GFP. This cannot be attributed to differences 
in local flanking sequences, since the proteins differ only 
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by the Ub extension (which is removed immediately) 
and the insertion of the KEKE sequence 165 residues 
upstream from SIINFEKL. 

In Figure 2B, K b -SIINFEKL levels are replotted as a 
percentage of the maximum surface levels at the end of 
the infection, revealing that the kinetics of K b -SIINFEKL 
production from OVA and R-NP-GFP are remarkably 
similar. Following a lag period of 90 min p.i., rates rapidly 
reach maximal levels in parallel. This strongly suggests 
that nearly all peptides from OVA derive from DRiPs. By 
contrast, the relative rate of complex formation from 
NP-GFP is highly similar to KEKE-NP-GFP. This sug- 
gests that, as with KEKE-NP-GFP, peptides are derived 
from rapidly and slowly degraded forms of NP-GFP, with 
the latter being the more efficient source. 

Contribution of Newly Synthesized Proteins 
to Antigen Processing 

We further examined the contribution of nascent pro- 
teins to complex formation by treating cells with protein 
synthesis inhibitors (PSI) 140 min after the start of infec- 
tion. Protein synthesis halted within a minute of adding 
PSI to cells, as determined by cessation of incorporation 
of psj-Met. There was an immediate retardation in the 
rate of GFP accumulation. GFP continued, however, to 
accumulate at a lower rate for 40 min. This is consistent 
with the lag between radiolabeling and fluorescence 
noted above. 

Importantly, the level of NP-GFP fluorescence re- 
mained essentially unchanged for the remainder of the 
2.5 hr incubation period (Figure 2C). By contrast, the 
addition of PSI resulted in an immediate leveling off of 
KEKE-NP-GFP fluorescence for —30 min, which then 
declined with a t m of 180 min (Figure 2D). We interpret 
the plateau to indicate a balance between the acquisi- 
tion of fluorescence by nascent GFP and degradation. 
Notably, the fluorescent t t/2 is considerably longer than 
the measured biochemical t n « of KEKE-NP-GFP (-70 
min). This indicates that there is heterogeneity of KEKE- 
NP-GFP with regard to fluorescence and, further, that 
fluorescence is associated with greater metabolic sta- 
bility. 

We examined complex formation in the same experi- 
ment. In cells expressing R-NP-GFP, addition of PSI 
did not affect complex generation for 50 min, when it 
abruptly ceased (Figure 3A). Since peptides are gener- 
ated rapidly from this substrate, this demonstrates that 
50 min are required for peptide processing, complex 
formation, and transporting complexes to the cell sur- 
face. This is in close agreement with the lag between 
the times required to achieve the maximal synthetic rate 
of W-encoded proteins (90-1 00 min) and the maximal 
rate of peptide generation from R-NP-GFP (140-150 
min). OVA behaved identically to R-NP-GFP (Figure 3B), 
demonstrating that, for this protein, peptides are derived 
nearly exclusively from a newly synthesized pool. 

The production of complexes from NP-GFP and 
KEKE-NP-GFP demonstrated a different behavior. Like 
R-NP-GFP and OVA, both demonstrated the 50 min lag 
in which complex formation continued identically to un- 
treated cells. However, rather than stopping at this time, 
complexes accumulated at a reduced rate for the next 
90 min (Figures 3C and 3D). This demonstrates that the 
abrupt abrogation of complex formation from R-NP-GFP 



and OVA is not simply due to general effects of PSI on 
antigen processing or K b availability or export. Normal- 
ization of the data reveals that the relative rates of pro- 
duction of complexes from NP-GFP and KEKE-NP-GFP 
are highly similar, reaching a rate of complex formation 
half of that observed in untreated cells (Figure 3E). This 
suggests that these peptides derive nearly equally from 
rapidly and slowly degraded substrate pools at this time 
postinfection. 

Time Required for Peptide Generation and Trafficking 
We further examined the kinetics of antigen processing 
using the rW-expressing MSIINFEKL. Although it is not 
technically feasible to measure the translation rate of 
this peptide, it is under the control of the same W pro- 
moter as the other inserted genes, and its rate of transla- 
tion should be similar. The peak rate of complex forma- 
tion from MSIINFEKL is ~5-fold higher than that of 
R-NP-GFP. Thus, even the near complete degradation of 
R-NP-GFP does not come close to producing saturating 
amounts of peptide. 

Complex formation from MSIINFEKL ceases 30 min 
after the addition of PSI (Figure 3F). Since peptides are 
degraded rapidly unless protected by MHC class I mole- 
cules (Malarkannan et al., 1 995; Reits et al., 2003), asso- 
ciation must occur within a few minutes of their synthe- 
sis. Consequently, virtually all complexes exit the 
endoplasmic reticulum (ER) and transit the secretory 
pathway within 30 min of their formation. Notably, the 
PSI-induced cessation of complex formation from 
R-NP-GFP (and OVA) demonstrated a 20 min lag relative 
to MSIINFEKL. This is consistent with the 10 min half- 
life of R-NP-GFP and suggests that OVA DRiPs are de- 
graded with similar kinetics. 

Quantitating Antigen Processing in Professional 
Antigen-Presenting Cells 

We next studied the efficiency of antigen processing in 
W-infected professional antigen-presenting cells (pAPC): 
bone marrow dendritic cells (BMDCs), the DC-like cell 
line DC2.4 (Shen et al., 1997), and macrophages (M<£). 
CD11c + BMDCs and DC2.4 cells expressed NP-GFP 
with similar kinetics and at similar levels as L-K b cells, 
while CD11b + macrophages present in peritoneal exu- 
dates expressed NP-GFP at —45% of the levels 
achieved in L-K b and DCs (Figure 3G; data for L-K b cells 
are replotted from Figure 1 for purposes of comparison). 
Notably, the generation of K b -SIINFEKL complexes from 
NP-GFP now demonstrated nearly linear kinetics (Figure 
3H) strongly suggesting that peptides derive principally 
from DRiPs. The efficiency of generating r^-SllNFEKL 
complexes from NP-GFP, R-NP-GFP (Figure 31), KEKE- 
NP-GFP (data not shown), and OVA (data not shown) 
by DCs and M#s was similar to L-K b cells, as determined 
by calculating the ratio of cell surface complexes gener- 
ated per quantity of protein substrate biosynthesized. 

Discussion 

Macroeconomics of Protein Synthesis 
and Degradation 

We have measured rates of protein synthesis and degra- 
dation and the numbers of ribosomes and proteasomes 
in a model-cultured cell (Table 2). Although several of 
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Figure 3. Generation of Surface K b -SIINFEKL Complexes on rW-lnfected Cells 

{A-D and F) Surface K b -SIINFEKL levels on L-K b cells infected with rWs expressing OVA (A), R-NP-GFP (B), NP-GFP {Q, KEKE-NP-GFP (D), 
or MSIINFEKL (F) and treated 140 min p.i. with protein synthesis inhibitors (squares) or left untreated (circles). 

(E) Surface K b -SIINFEKL levels on cells expressing OVA (circles), NP-GFP (squares), KEKE-NP-GFP (X), and R-NP-GFP (triangles) following 
treatment with protein synthesis inhibitors 140 min p.i. Surface K b -SMNFEKL levels are expressed as the percent of maximum 25-D1 .1 6 staining 
for each construct. 

(G-l) DC-like DC2.4 cells (squares), bone marrow-derived dendritic cells (BMDC) (X), and peritonea) exudate macrophages (PEC) (triangles) 
were infected with rW-expressing NP-GFP (G and H) or R-NP-GFP (I). GFP levels (G) and K b -SIINFEKL complexes (H and I) were quantftated 
as described for L-K b cells. GFP and surface rC-SIINFEKL levels for L-K b cells (circles) are replotted from Figures 1 and 2 for the purpose of 

comparison. 



these values have been published before, it has always 
been in a piecemeal manner (separate laboratories 
working with different cells) that prevents integrating 
the data in anything but a theoretical manner (Yewdell, 
2001). Remarkably, the theoretical values correlate rea- 



sonably well with the actual values we have determined. 
These values have some interesting implications. 

Using textbook values relating the rRNA:tRNAor cellu- 
lar protein:tRNA ratios (Alberts et al., 1994), we can cal- 
culate that L-K b cells possess ~10-25 copies of tRNA 
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Table 2. The Protein Economy of L-K b Cells 



Production 



Proteins per cell 
Ribosomes per cell 
Translation rate 

% Required for cell division (24 hr) 
% Secreted or released 
% Ribosomes engaged in translation 
tRNA per ribosome 

% Cellular metabolism devoted to protein synthesis 



2.6 x 10 9 

6 x 10 6 

4 x 10 8 min- 1 

43% 

12% 

>95% 

10-25 

45% 



Destruction 



Proteasomes per cell 
Overall degradation rate 
Newly synthesized proteins 
Long-lived proteins 
Proteasome activity 
Creative destruction 

Efficiency of SIINFEKL-K b complex production 



8 x 10 s 

1.8 x 10* min" 1 
1.3 x lO'mhr 1 
5 X 1 0 s min"' 

2.5 substrates degraded min' 1 

1/440-1/3000 substrates degraded per complex created 



per ribosome. Since a complete set of tRNA comprises 
32 species whose abundance differs by 1 0-fold, it means 
that the lower abundance tRNAs may be present at a 
ratio of 1 copy for every 20 ribosomes. The low ratio of 
tRNA to ribosomes makes it easy to understand how 
codon usage governs translation rates (Sharp and Li, 
1986; Liljenstrom and von Heijne, 1987). If ribosomes 
translate proteins in compartments that limit access to 
tRNA, as evidence suggests (Stapulionis and Deutscher, 
1995), then such compartments must contain multiple 
ribosomes. We can estimate that there must be ~20 
ribosomes per compartment for each compartment to 
contain at least one of each tRNA species. 

We find that L-rO cells possess approximately eight 
times as many functional ribosomes as proteasomes. 
This precludes the pairing of a proteasome with each 
ribosome to create a translation/degradation complex. 
To the extent that proteins are truly degraded cotransla- 
tionally (Turner and Varshavsky, 2000), this means that 
proteasomes must be recruited to ribosomes. Given the 
density of ribosomes in the cytosol, the inter- protea- 
some-ribosome distance should never be much greater 
than the diameter of ribosomes, and given the velocity 
of proteasome diffusion in the cytosol (Reits et al., 1 997), 
the time will be very short relative to the speed of trans- 
lation. 

Dividing the number of substrates degraded min" 1 
(2 x 10 6 ) by the number of functional proteasomes (8 x 
10 5 ) reveals that each proteasome degrades an average 
of ~2.5 substrates min -1 . Taking the average size of a 
peptide generated by the proteasome as 7-8 residues 
(Kisselev et al., 1999) and the average size of a protein 
as 466 amino acids, the proteasome must be capable 
of cleaving at least 1 50 peptide bonds min' 1 . This repre- 
sents a minimal estimate of the turnover rate, since 
proteasomes (whose levels can only be increased rela- 
tively slowly due to their slow assembly times), must 
have residual capacity for degrading proteins when cells 
are damaged by chemical or physical stress. 

Similar to other cells (Schubert et al., 2000), 25% of 
proteins synthesized by L-K b cells appear to represent 
DRiPs. Since protein synthesis accounts for 45% of ATP 
utilization, this means that DRiP production consumes 



1 1 % of cellular energy and whatever additional energy 
costs (probably minor in comparison) are incurred dur- 
ing DRiP destruction. Protein synthesis is believed to 
consume between ~20% of the energy generated by 
adult mammals and a higher fraction in growing juveniles 
(Rolfe and Brown, 1997). A 25%-30% DRiP rate trans- 
lates into wasting >6% of food consumption due to 
inefficient protein biosynthesis. On top of this must be 
added the energy devoted to creating the infrastructure 
for synthesizing (ribosomes, chaperones, tRNA, etc.) 
and destroying (proteasomes, Ub, etc.) DRiPs. 

Could this be? As discussed previously (Yewdell et 
al., 2001 ), the true DRiP rate in vivo may be considerably 
lower than we measure in vitro. We must entertain the 
possibility, however, that high DRiP rates are a general 
feature of cells. Protein biosynthesis may simply be a 
difficult task, and investments in increasing efficiency 
may not be worth the cost. Alternatively (and risking 
heresy), perhaps we overvalue efficiency in biological 
systems. Only ~2% of the human genome encodes pro- 
teins. Though some noncoding DNA must be essential, 
retro transposons seem to be a clear-cut case of ineffi- 
ciency. Rube Goldberg would be proud of mitochondria, 
which maintain a complete translation system and ge- 
nome to produce just 13 proteins. Ultimately, selection 
pressure in evolution is exerted by other similarly ineffi- 
cient organisms and not arbitrary standards of efficiency 
conjured by human intelligence. 

Microeconomics of MHC Peptide Ligand Generation 
Obtaining a valid estimate of the efficiency of generating 
class I ligands from protein substrates requires accurate 
knowledge of the numbers of complexes formed and 
substrates degraded. Obtaining the latter number is not 
a simple task for proteins traditionally thought of as 
metabolically stable, due to the uncertain proportion of 
nascent protein diverted to the DRiP pool. Montoya and 
del Val (1999) estimated the efficiency of generating an 
antigenic peptide from W-encoded 0-galactosidase but 
limited their analysis to the amount of protein synthe- 
sized as determined by enzymatic activity compared to 
purified p-galactosidase. They did not attempt to deter- 
mine the DRiP fraction of [J-galactosidase, leaving open 
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Table 3. Processing Efficiency and DRiP Rate 







Protein Molecules Degraded per 




Experiment 


Cell Type 


Surface K D -SllNFcKL Complex 


Data 


1 


L-K b 


1638 


18.7% 


2 


L-K" 


1214 


25.4% 


3 


L-K b 


994 


O 1 .970 


4 


L-K b 


2292 




5 


L-K b 


2031 


27.8% 


6 


L-K b 


1772 


29.0% 


7 


L-K» 


3122 


37.4% 


8 


L-K" 


2872 


30.9% 


9 


L-K* 


2026 


22.6% 


Avg 




1995 


27.1% 


1 


DC2.4 


1780 


44.8% 


2 


DC2.4 


1226 


23.0% 


3 


DC2.4 


1211 


25.7% 


Avg 




1406 


31.2% 


1 


BMDC 


1464 


40.4% 


2 


BMDC 


4400 


55.8% 


Avg 




2932 


48.1 % 


1 


PEC 


6481 


42.6% 


2 


PEC 


2960 


22.0% 


Avg 




4720 


32.3% 



the question of the efficiency of peptide generation per 
substrate. 

Determining the true DRiP fraction for any given pro- 
tein poses technical hurdles (Yewdell et al., 2001). This 
is much less of a problem, however, for R-NP-GFP, 
which in being nearly completely degraded within min- 
utes of its synthesis exhibits a DRiP rate of nearly 1 00%. 
Since NP-GFP, R-NP-GFP, and KEKE-NP-GFP are syn- 
thesized at comparable rates, we can use NP-GFP as 
a reference protein to calculate the rate of R-NP-GFP 
synthesis. Although an uncertain amount of newly syn- 
thesized NP-GFP is diverted to DRiPs, this can be ac- 
counted for by calculating the difference in the rate of 
K b -SIINFEKL complex formation from the two proteins 
and dividing this by the difference in the rates of synthe- 
sis of stable proteins, which is essentially equal to the 
apparent rate of NP-GFP synthesis. By taking these 
rates shortly after the rate of production of complexes 
from R-NP-GFP peaks, we can minimize the contribution 
of peptides from the slowly degraded cellular NP-GFP 
pool. 

Examination of Figure 3 shows that between 1 60 and 
180 min postinfection, 970 complexes are generated 
from R-NP-GFP by L-K b cells. Over the same period, 
306 complexes were generated from NP-GFP. The cor- 
responding increase in stable NP-GFP protein, which 
must be taken 50 min earlier (1 1 0-1 30 min postinfection) 
to allow for processing and transport of peptide-class I 
complexes, was 6.6 x 10 5 molecules synthesized. Thus, 
6.6 x 10 5 more R-NP-GFP molecules were degraded 
than NP-GFP over this time period to generate an addi- 
tional 664 K b -SIINFEKL complexes. We can therefore 
calculate the efficiency of complex generation: 



970 - 306 
6.6 x 10 5 



= 1/994. 



(1) 



Over nine independent experiments this number was 
relatively constant, ranging between 1/994 and 1/3122 



(Table 3), with an average efficiency of 1 complex gener- 
ated per 1 995 R-NP-GFP molecules degraded. The effi- 
ciency of peptide generation was similar in pAPCs (Table 
3), averaging 1 per 1406 substrates degraded by DC2.4 
cells, 1 per 2932 substrates degraded by BMDC and 1 
per 4720 substrates degraded by M<£s. 

The findings with W-MSIINFEKL in L-K b cells help 
explain this low efficiency. The much higher levels of 
K b -SIINFEKL complex formation observed using this rW 
demonstrates that TAP or MHC class I molecules are 
not limiting in the processing of NP-GFP constructs. 
The maximal rate of complex formation from MSIINFEKL 
(200 complexes min -1 ) was achieved by 50 to 60 min 
postinfection. Given the 30 min delay for complex ap- 
pearance at the cell surface, this means that peptide 
achieves near saturating levels between 20 and 30 min 
postinfection. At this time, MSIINFEKL peptide is ex- 
pressed at a rate of ~1 0,000 molecules min" 1 based on 
comparison to NP-GFP synthetic rates. Therefore, the 
observed ~200 complexes min" 1 are created with an 
efficiency of ~2%. 

Since 1 of every 50 peptides synthesized survives to 
form a stable surface K b -SIINFEKL complex whereas 
complexes are generated from protein with an efficiency 
of 1 in 2000, this suggests the rate of suitable peptide 
production from protein is ~1 in 40. Cascio et al. (2001) 
reported that the efficiency of producing SIINFEKL or 
N-extended forms that can be further trimmed (cells are 
rich in amino exopeptidase activity against oligopep- 
tides but lack carboxypeptidase activity) from OVA by 
incubation with standard or immunoproteasomes is ap- 
proximately 1/16. 

Given some wiggle room then, we can account for 
the efficiency of SIINFEKL production -proteasomes 
produce appropriate precursor peptides ~2.5% of the 
time, and only ~2% of these will survive the perils of 
the cytosol and voyage into the ER to find class I mole- 
cules, a net efficiency of .05% or 1/2000. Although the 
comparative data set is limited, SIINFEKL is produced 
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Figure 4. Possible Fates of Newty Synthe- 
sized Protein Molecules 

(A) Properly folded nascent protein molecule. 
Stable, with long t m . Protein is fluorescent 
due to properly folded GFP moiety. Repre- 
sented by non-DRiP fraction of NP construct. 

(B) Defective ribosomaJ product. Highly un- 
stable, with t 1/2 = 1 0 min. Targeted for rapid 
degradation by the proteasome. Virtually alt 
R-NP behaves as a DRiP, as well as a fraction 
of newly synthesized NP and KEKE-NP mole- 
cules. 

(C) Improperly folded nascent protein mole- 
cule. Protein fails to fold to native conformation. 
GFP moiety may or may not fold properly, 
resulting in fluorescent and nonfluorescent 
protein populations. Unstable, with t 1/2 = 70- 
1 80 min. Predominant fate of non-DRiP frac- 
tion of KEKE-NP. 



more efficiently than other defined determinants ex- 
pressed under similar circumstances (Anton et al., 1997, 
1998; Montoya and del Val, 1999). This is consistent 
with previous calculations, indicating that the overall 
efficiency of peptide generation from degraded mole- 
cules is on the order of 1/10,000 (Yewdell, 2001). 

This is a far cry from previous determinations of the 
efficiency of proteasome-mediated peptide generation 
from bacterial proteins secreted into the cytosol of in- 
fected J774 cells (a M$-like reticulum cell sarcoma), 
which was determined to be as high as one class I 
peptide complex generated for every three L monocyto- 
genes p60 proteins degraded (Villanueva et al., 1994; 
Sijts et al., 1996). What could account for this discrep- 
ancy? Probably real differences in processing efficiency 
combined with experimental errors. It is unlikely that 
macrophages are generally more adept at processing 
endogenous antigens, since we find that peritoneal M<£s 
are actually less efficient than L-K b cells and DCs in 
generating K b -SIINFEKL complexes from R-NP-GFP. It 
is possible, however, that M<£s possess specialized ma- 
chinery that enables high efficiency processing of bacte- 
ria and other phagocytosed antigens. It was recently 
reported that phagosomes fuse with portions of the ER 
in M</>s (Gagnon et al., 2002). Since proteasomes appear 
to participate in the processing of p60 (Zwickey and 
Potter, 1 999), any gains in processing efficiency would 
have to entail export of bacterial peptides to the cytosol 
from the ER-phagosome and their reimportation into the 
ER-phagosome or ER. 

Fully acknowledging the seminal importance of the 
quantitative studies by Pamer and colleagues, we note 
that they may have overestimated the number of pep- 
tides produced and underestimated the amount of pro- 
tein degraded. Differences between naturally processed 
peptides and their synthetic counterparts will lead to an 
overestimation of the number of peptides generated by 
cells if, as is often the case, T CO b+ preferentially recognize 
the naturally processed versions. Side chain modifica- 
tion can often only be detected by mass spectroscopic 



analysis, which was not used to demonstrate the identity 
of synthetic and natural L/sfer/a-derived peptides. The 
amount of p60 introduced into the cytosol was not deter- 
mined directly but was based on the rate of secretion of 
p60 by extracellular bacteria. This was measured using 
antibodies that may not recognize all forms of secreted 
p60. Notably, the t 1/2 of p60 in J774 cells measured using 
these antibodies was 90 min while peptide loading of 
class I molecules was virtually complete within 30 min 
of addition of a bacterial protein synthesis inhibitor. This 
suggests a discrepancy between the antibody reactive- 
p60 and p60 that provides antigenic peptides. 

Although the efficiency of peptide generation from 
endogenous viral proteins appears to be relatively low, 
it may still be sufficient to serve the purposes of the 
immune system. A key feature of many viral infections 
is the nearly complete replacement of host mRNA trans- 
lation with viral mRNA. Since T CD8 + require only tens to 
hundreds of class I peptide complexes for activation, 
this, in combination with a high DRiP rate, should enable 
T C oa+ recognition of infected cells in a time frame that 
enables lysis of infected cells prior to completion of the 
infectious cycle. 

Biosynthesized Proteins as Sources of Peptide 
Khan et al. (2001) reported that generation of an anti- 
genic peptide from a protein requires continued produc- 
tion of mRNA encoding the protein, as shown over the 
course of hours after blocking transcription. We show 
that the kinetics of lO-SHNFEKL complex generation 
from OVA (its natural protein source) under normal con- 
ditions and after blocking protein synthesis behaves 
exactly as predicted for a short-lived DRiP. This provides 
conclusive evidence for the validity of the DRiP hypothe- 
sis for the generation of peptides from a specific, geneti- 
cally unmodified gene product. 

Unlike OVA, SIINFEKL production from NP-GFP con- 
tinues at a reduced rate after blocking protein synthesis. 
Over the same interval, GFP levels remain virtually con- 
stant when measured with an extremely high degree 
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of precision in individual cells by flow cytometry. We 
interpret this to mean that peptides derive from a nonflu- 
orescent subpopulation of NP-GFP that is degraded 
relatively slowly. This interpretation is fully consistent 
with the acceleration of peptide production as the infec- 
tion period proceeds. In this manner NP-GFP behaves 
like KEKE-NP-GFP, which provides a model for a slowly 
degraded substrate. (Figure 4 illustrates the possible 
conformational states and fates of the chimeric NP pro- 
teins we utilized.) Even KEKE-NP-GFP demonstrates 
two forms, since its biochemical decay is significantly 
faster than its decay in fluorescence when protein syn- 
thesis is halted. The nonfluorescent form of NP-GFP 
may never have been properly folded, in which case it 
can be considered a slowly degraded DRiP. The abso- 
lute stability of NP-GFP fluorescence in the presence of 
PSI suggests that this is the case, but we cannot rule 
out the possibility that peptides derive from a pool of 
native NP-GFP that unfolded well after translation. 

If class I peptide complexes are produced with similar 
efficiency from rapidly degraded NP-GFP DRiPs and 
R-NP-GFP, we can calculate the percentage of nascent 
NP-GFP that is diverted to this pool. To limit the contri- 
bution of the more slowly degraded cellular substrate 
pool, we use the number of complexes generated be- 
tween 110 and 130 min postinfection with NP-GFP: 

(306 complexes) x (994 substrates/complex) = 

3.04 x 10 5 substrates. (2) 

Dividing the number of rapidly degraded proteins by the 
total number of NP-GFP molecules synthesized gives 
us the DRiP rate: 

(3.04 x 10 s substrates) _ 31 5% (3) 

(6.6 x 10 s NP) + (3.04 x 10 5 DRiPs) 

As seen in Table 3, this ranged from 19% to 37% over 
nine experiments for L-K b cells, with an average value 
of 27% -remarkably similar to the overall DRiP rate of 
25%. Similar calculations for pAPCs reveal a compara- 
ble range of DRiP rates. 

As can be seen in Figure 2A, the rate of K b -SIINFEKL 
production from KEKE-NP-GFP accelerates as the size 
of the cellular KEKE-NP-GFP pool increases, eventually 
overtaking the rate of production from R-NP-GFP. This 
is only possible if rC-SMNFEKL complexes are generated 
from the cellular KEKE-NP-GFP pool more efficiently 
than from the short-lived DRiPs. 

The efficiency of IC-SIINFEKL generation from the 
long-lived KEKE-NP-GFP pool can be calculated by tak- 
ing advantage of the fact that the rates of KEKE-NP- 
GFP synthesis and degradation approach equilibrium 
by 5 hr postinfection. At this time the rate of synthesis 
is 3.2 x 10 6 molecules hr" 1 . If 31 .5% of these molecules 
(1 x 10 6 hr 1 ) are short-lived DRiPs, then the net syn- 
thetic rate is 2.2 x 1 0 6 hr 1 , which equals the degradation 
rate. The rate of rC-SIINFEKL production at this time is 
6 x 10 3 complexes hr 1 . Of these, we calculate that 1 x 
1 0 3 are generated from the short-lived DRiP fraction (1 x 
10 6 DRiPs degraded with an efficiency of 1 complex 
per 994 substrates). The remaining 5 x 10 3 complexes 
should be derived from the 2.2 x 1 0 6 molecules of KEKE- 
NP-GFP degraded hr 1 from the long-lived pool. This 



yields a calculated efficiency of 1 K b -SIINFEKL complex 
generated per 440 KEKE-NP-GFP molecules degraded. 

If this efficiency applies to the pool of nonfluorescent 
NP-GFP discussed above, we can calculate that the 447 
complexes generated from the slowly degraded pool 
in the last hour of infection (1 365 total complexes minus 
the 918 complexes from rapidly degraded DRiPs using 
the initial rate) would represent the degradation of 2.0 x 
10 5 substrates, which represents ~2.5% of the total NP 
pool at this time. 

We can use these values to bolster our conclusion 
that after blocking protein synthesis complexes are gen- 
erated from nonfluorescent NP-GFP. Over the last 1 00 
min of the infection in the presence of protein synthesis 
inhibitors (when GFP levels are stable), 300 complexes 
were generated, which would represent degradation of 
300 x 440 = 1 .3 x 1 0 5 substrates. If these molecules 
were fluorescent, this would represent 13 fluorescent 
units, which is well within the precision of our measure- 
ments. 

The more efficient generation of class I peptide com- 
plexes from KEKE-NP-GFP than from R-NP-GFP sug- 
gests that proteasomes display heterogeneity in their 
capacity to generate class I peptide ligands. Little is 
known about functional differences between protea- 
somes— given their abundance and involvement in myr- 
iad cellular processes it is likely that proteasomes dis- 
play considerable heterogeneity in function, in addition 
to those attributed to the alterations associated with 
immunoproteasomes. 

Experimental Procedures 
Cells and Viruses 

L-K b and DC2.4 cells were provided, respectively, by Sheil (West 
Virginia University, Morgantown, WV) and Rock (University of Mas- 
sachusetts Medical School, Worcester, MA). M<f>s elicited from 
C57BU6 mice by intraperitoneal injection of 1 ml 3% (w/v) thiogly- 
collate solution were harvested 5-6 days postinjection and used 
immediately. BMDC obtained from femurs were propagated in me- 
dia supplemented with 20% FBS and 10% supernatant from X63 
cells transf ected with murine GM-CSF. Nonadherent cells were re- 
moved on days 2 and 4. Adherent cells were used for assays on 
days 6-7 after harvest. 

rWs expressing SIINFEKL-containing proteins have been described 
(Ant6n et al., 1999). NP-GFP fusion proteins contain SIINFEKL pep- 
tide at the C terminus of NP followed by ARDPPVAT followed by 
EGFP. Cells were infected at a multiplicity of infection (MOI) of 1 0 
for 15 min at 37°C with constant agitation in balanced salt solution 
containing 0.1 % bovine serum albumin (BSS/BSA). Cells were then 
incubated at 37°C in growth media for the remainder of the assay 
in the presence of 25 ^g/ml cytosine arabinoside. Protein synthesis 
was inhibited by the addition of cycloheximide and emetine (Sigma, 
St. Louis, MO) to a final concentration of 25 \lq /ml each. 

Immunoblotting 

L-K? cells (5 x 1 0 5 ) were lysed in 1 ml 95°C SDS-PAGE sample buffer 
and boiled for 10 min. Serial 2-fold dilutions were made into sample 
buffer containing uninfected L-K b cell lysates (5 x 10 5 cells/ml) to 
maintain a constant protein concentration in samples. Samples were 
separated in 10%-12.5% SDS-PAGE gels and transferred to PVDF 
membranes. Immunoblots were incubated with rabbit antibodies 
raised to a synthetic peptide corresponding to NP 2 .i 3 . Proteasome 
immunoblots were probed with a mouse mAb that binds the p29K 
a-subunit (ICN Biomedicals, Costa Mesa, CA). Ribosome immu- 
noblots were probed with human anti-ribosomal P autoimmune se- 
rum (Immunovision, Springdale, AK). Blots were developed with 
horseradish peroxidase-coupled antibodies using a chemilumines- 
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cent peroxide substrate. Luminescence was recorded on Biomax 
MR film (Eastman Kodak, Rochester, NY), digitized, and analyzed 
using ImageQuant software (Molecular Dynamics Inc., Sunnyvale, 
CA). Standard curves were used to determine concentrations of 
corresponding proteins in samples containing lysates from rW- 
infected L-K b cells. 

NP-GFP standards were prepared by determining the total protein 
concentration in purified preparations of influenza virus A/Puerto 
Rico/8/34. The percentage NP-GFP of total viral protein was deter- 
mined by SDS-PAGE. Purified proteasomes and ribosomes were 
the kind gifts, respectively, of DeMartino (University of Texas South- 
western Medical Center, Dallas, TX) and Nicchitta (Duke University 
Medical Center, Durham, NC). 



Cytoflu orography 

K b -SIINFEKL levels were determined by incubating cells for 30 min 
on ice with the 25-D1 .1 6 antibody (Porgador et al., 1 997) conjugated 
to Alexa Fluor 647 (Molecular Probes, Eugene, OR). Cellular GFP 
and Alexa Fluor 647 levels were determined on a FACScalibur cy- 
tofluorograph (Beckton Dickinson, San Jose, CA) using CellQuest 
(Beckton Dickinson) software, and data were analyzed using FlowJo 
(Tree Star, San Carlos, CA) software. 

Purified 25-D1 .1 6 mAb was conjugated to either fluorescein iso- 
thiocyanate (FITC) (Roche) or Alexa Fluor 647, and fluorescence to 
protein ratios (F:P) for each conjugate were determined. Antibody 
preparations were titrated against SIINFEKL peptide L-K b cells to 
ensure that all staining was performed with saturating concentra- 
tions of Ab. To quantitate surface K b -SIINFEKL levels, L-K b cells were 
incubated with 2-fold dilutions of SIINFEKL peptide and stained 
with 25-D1 .1 6 conjugated to either FITC or Alexa Fluor 647, and 
fluorescence levels were determined by cytofluorography. Fluores- 
cence levels for FITC-coated calibration beads (DAKO) were deter- 
mined in parallel and used to construct a standard curve of FITC 
molecules versus mean fluorescence intensity (MFI). The F:P for 
FITC-conjugated 25-D1.16 was then used to calculate the number 
of antibody molecules bound per cell. Calibration standards for 
Alexa Fluor 647 are not commercially available; therefore, the ratio 
of MFI to bound antibody for Alexa Fluor 647-conjugated 25-D1 .16 
was determined by direct comparison with FITC-25-D1 .1 6-stained 
L-K b cells. 

Peritoneal macrophages, BMDC, and DC2.4 were incubated with 
2.4G2 culture supernatant for 20 min on ice to block Fc-receptor- 
mediated binding prior to staining with 25-D1 .1 6. 

Pulse Labeling of Cellular Proteins 

L-K b cells were labeled at 37°C for 1 0 min with 1 00 fiCi [ 3 H]-Leu (1 53 
Ci/mM) (Amersham) in 180 of l + (which contains 0.802 mM Leu). 
Labeling was stopped by adding ice-cold media containing excess 
(10 mM) Leu, and cell pellets were washed once in this same me- 
dium. Cell pellets were frozen on dry ice, thawed briefly, and lysed 
in SDS-PAGE sample buffer at 95°C. Cell lysates were transferred 
onto filter paper, and protein was precipitated with 1 0% TCA and 
then washed extensively with 70% ethanol. Radioactivity was mea- 
sured by scintillation counting. Labeling of L-K b cells with (^SJ-Met 
(Amersham) was performed as described for [ 3 H]-Leu. Cell lysates 
were separated in 1 0% SDS-polyacrylamide gels. Gels were dried 
and then scanned on a Typhoon 8600 imager, and digitized images 
were analyzed using ImageQuant software. To measure secretion 
of newly synthesized proteins from L-K b cells, Psj-Met labeled cells 
were chased for up to 2 hr containing nonradiolabeled Met. Cell 
pellets and supernatants from each time point were collected, lysed, 
and transferred to filter paper and quantitated by scintillation count- 
ing as described above. 

In preliminary experiments we established that incorporation of 
[ 3 H]-Leu Into proteins with time was absolutely linear under these 
conditions with no detectable lag following incubation for as short 
as 1 min. For reasons we do not understand fully, labeling of proteins 
with [^Sj-Met resulted in ~1/10 of the specific activity obtained 
with [ 3 H]-Leu, which precluded the use of [ 35 S]-Met for absolute 
determination of protein synthesis rates. Due to the low sensitivity 
of detecting pH]-Leu with Phosphorlmager screens, we used pS]- 
Metto determine the fraction of total protein allotted to NP synthesis. 



ATP Consumption 

The proportion of cellular energy devoted to protein synthesis in 
L-K b cells was determined by measuring 0 2 consumption in the 
presence or absence of protein synthesis inhibitors as previously 
described (Buttgereit et al., 1992). 

Acknowledgments 

We thank Sandy Hayes, Felicita Homung, and David Tscharke for 
critical reading of the manuscript and insightful comments. 

Received: January 13, 2003 
Revised: January 13, 2003 

References 

Alberts, B., Bray, D., Lewis, J., Raff, M., Roberts, K., and Watson, J.D. 
(1 994). Molecular Biology of the Cell (New York: Garland Publishing). 
Anton, L.C., Yewdell, J.W., and Bennink, J.R. (1997). MHC class 
l-associated peptides produced from endogenous gene products 
with vastly different efficiencies. J. Immunol. 158, 2535-2542. 
Anton, L.C., Snyder, H.L., Bennink, J.R., Vinitsky, A., Oriowski, M., 
Porgador, A., and Yewdell, J.W. (1 998). Dissociation of proteasomal 
degradation of biosynthesized viral proteins from generation of MHC 
class l-associated antigenic peptides. J. Immunol. 760, 4859-4868. 
Anton, L.C., Schubert, U., Bacik, I., Princiotta, M.F., Wearsch, P. A., 
Gibbs, J., Day, P.M., Realini, C, Rechsteiner, M.C., Bennink, J.R., 
and Yewdell, J.W. (1999). Intracellular localization of proteasomal 
degradation of a viral antigen. J. Cell Biol. 146, 113-124. 
Buttgereit, F., Brand, M.D., and Muller, M. (1992). ConA induced 
changes in energy metabolism of rat thymocytes. Biosci. Rep. 12, 
109-114. 

Cascio, P., Hilton, C, Kisselev, A.F., Rock, K.L., and Goldberg, A.L. 
(2001 ). 26S proteasomes and immunoproteasomes produce mainly 
N-extended versions of an antigenic peptide. EM BO J. 20, 2357- 
2366. 

Gagnon, E., Duclos, S., Rondeau, C, Chevet, E., Cameron, P.H., 
Steele-Mortimer, O., Paiement, J., Bergeron, J.J., and Desjardins, 
M. (2002). Endoplasmic reticulum -mediated phagocytosis is a 
mechanism of entry into macrophages. Cell 110, 119-131. 
Heim, R., Cubitt, A.B., and Tsien, R.Y. (1995). Improved green fluo- 
rescence. Nature 373, 663-664. 

Hershko, A., and Ciechanover, A. (1 998). The ubiquitin system. Annu. 
Rev. Biochem. 67, 425-479. 

Khan, S., de Giuli, R., Schmidtke, G. t Bruns, M., Buchmeier, M., van 
Den, B.M., and Groettrup, M. (2001). Cutting edge: neosynthesis is 
required for the presentation of a T cell epitope from a long-lived 
viral protein. J. Immunol. 167, 4801-4804. 

Kisselev, A.F., Akopian, T.N., Woo, K.M., and Goldberg, A.L. (1999). 
The sizes of peptides generated from protein by mammalian 26 and 
20 S proteasomes. Implications for understanding the degradative 
mechanism and antigen presentation. J. Biol. Chem. 274, 3363- 
3371. 

Liljenstrom, H., and von Heijne, G. (1987). Translation rate modifica- 
tion by preferential codon usage: intragenic position effects. J. 
Theor. Biol. 124, 43-55. 

Malarkannan, S., Goth, S., Buchholz, D.R., and Shastri, N. (1995). 
The role of MHC class I molecules in the generation of endogenous 
peptide/MHC complexes. J. Immunol. 154, 585-598. 
Montoya, M., and del Val, M. (1999). Intracellular rate-limiting steps 
in MHC class I antigen processing. J. Immunol. 763, 1914-1922. 
Nandi, D. t Woodward, E., Ginsburg, D.B., and Monaco, J.J. (1997). 
Intermediates in the formation of mouse 20S proteasomes: implica- 
tions for the assembly of precursor beta subunits. EM BO J. 76, 
5363-5375. 

Nissen-Meyer, J., and Eikhom, T.S. (1976). An excess of the small 
ribosomal subunits and a higher rate of turnover of the 60 S than 
of the 40 S ribosomal subunits in L cells grown in suspension culture. 
J. Mol. Biol. 707, 211-221. 



Immunity 
354 



Palmiter, R.D. (1 975). Quantitation of parameters that determine the 
rate of ovalbumin synthesis. Cell 4, 1 89. 

Porgador, A., Yewdell, J.W., Deng, Y., Bennink, J.R., and Germain, 
R.N. (1997). Localization, quantitation, and in situ detection of spe- 
cfic peptide-MHC class I complexes using a monoclonal antibody. 
Immunity 6, 71 5-726. 

Reits, E.A.J., Benham, A.M,, Plougastel, B., Neefjes, J., and Trows- 
dale, J. (1997). Dynamics of proteasome distribution in living cells. 
EM BO J. 16, 6087-6094. 

Reits, E.A., Vos, J.C., Gromme, M., and Neefjes, J. (2000). The major 
substrates for TAP in vivo are derived from newly synthesized pro- 
teins. Nature 404, 774-778. 

Reits, E., Griekspoor, A., Neijssen, J., Groothuis, T., Jalink, K., van 
Veelen, P., Janssen, H., Calafat, J., Drijfhout, J.W., and Neefjes, J. 
(2003), Peptide diffusion, protection, and degradation in nuclear and 
cytoplasmic compartments before antigen presentation by MHC 
class I. Immunity 18, 97-108. 

Rock, K.L., and Goldberg, A.L. (1999). Degradation of cell proteins 
and the generation of MHC class I -presented peptides. Annu. Rev. 
Immunol. 17, 739-779. 

Rock, K.L., York, I A, Saric, T., and Goldberg, A.L. (2002). Protein 
degradation and the generation of MHC class l-presented peptides. 
Adv. Immunol. 80, 1-70. 

Rolfe, D.F., and Brown, G.C. (1997). Cellular energy utilization and 
molecular origin of standard metabolic rate in mammals. Physiol. 
Rev. 77, 731-758. 

Schubert, U, Anton, L.C., Gibbs, J., Norbury, C.C., Yewdell, J.W., 
and Bennink, J.R. (2000). Rapid degradation of a large fraction of 
newly synthesized proteins by proteasomes. Nature 404, 770-774. 
Sharp, P.M., and Li, W.H. (1986). An evolutionary perspective on 
synonymous codon usage in unicellular organisms. J. Mol. Evol. 24, 
28-38. 

Shen, Z., Reznikoff, G., Dranoff, G., and Rock, K.L (1997). Cloned 

dendritic cells can present exogenous antigens on both MHC class 

I and class II molecules. J. Immunol. 158, 2723-2730. 

Sijts, A.J., Neisig, A., Neefjes, J., and Pamer, E.G. (1996). Two Lys- 

teria monocytogenes epitopes are processed from the same antigen 

with different efficiencies. J. Immunol. 156 t 683-692. 

Stapulionis, R., and Deutscher, M.P. (1 995). A channeled tRNA cycle 

during mammalian protein synthesis. Proc. Natl. Acad. Sci. USA 92, 

7158-7161. 

Turner, G.C, and Varshavsky, A. (2000). Detecting and measuring 
cotranslational protein degradation in vivo. Science 289, 21 1 7-21 20. 
Villanueva, M.S., Fischer, P., Feen, K., and Pamer, E.G. (1994). Effi- 
ciency of MHC class I antigen processing: a quantitative analysis. 
Immunity 1, 479-489. 

Wheatley, D.N. (1989). Protein turnover in relation to growth status 
and the cell cycle in cultured mammalian cells. Revis. Biol. Celular 
27, 377-400. 

Yewdell, J.W. (2001). Not such a dismal science: the economics 
of protein synthesis, folding, degradation and antigen processing. 
Trends Cell Biol. 11, 294-297. 

Yewdell, J.W., Schubert, U., and Bennink, J.R. (2001). At the cross- 
roads of cell biology and immunology: DRiPs and other sources of 
peptide ligands for MHC class I molecules. J. Ceil Sci. 1 14, 845-851 . 
Zwickey, H.L., and Potter, T.A. (1999). Antigen secreted from noncy- 
tosolic Listeria monocytogenes is processed by the classical MHC 
class I processing pathway. J. Immunol. T62, 6341-6350. 



Inl J, Cancer: 91, 385-392 (2001) 
© 2001 Wiley-Liss, Inc. 



Publication of the International Union Against Cancer 



IDENTIFICATION OF THREE NON-VNTR MUC1 -DERIVED 

HLA-A*0201 -RESTRICTED T-CELL EPITOPES THAT INDUCE PROTECTIVE 

ANTI-TUMOR IMMUNITY IN HLA-A2/K b -TRANSGENIC MICE 

Lukas C. Heukamp 1 , Sjoerd H. van der Burg 2 , Jan-Wouter Drijfhout 2 , Cornelis J.M Melief 2 , Joyce Taylor- Papadimitriou 1 
Rienk Offringa 2 

x Imperial Cancer Research Fund, Breast Cancer Biology Group, Guy's Hospital, London, United Kingdom 

2 Department of Immunohematology and Blood Transfusion, Leiden University Medical Center, Leiden, The Netherlands 



and 



The human epithelial mucin MUC I is over-expressed in 
more than 90% of carcinomas of the breast, ovary, and pan- 
creas as well as in some other tumours, making it a potential 
target for tumour immunotherapy. We have identified sev- 
eral MUC I -derived peptides mapping outside the variable 
number tandem repeat region that comply with the peptide- 
binding motif for HLA-A*020I and that become processed 
into stable major histocompatibility complex-peptide com- 
plexes as assessed by in vitro assays. In A2/K b transgenic mice, 
3 peptides, namely MUC 79 _ 87 (TLAPATEPA), MUC 

167-175 

(ALGSTAPPV) and MUC 264 _ 272 (FLSFHISNL) elicit peptide- 
specific cytotoxic T lymphocyte (CTL) immunity, which pro- 
tects these mice against a challenge with MUC I, A2/K - 
expressing tumour cells. These peptides therefore represent 
naturally processed MUC I -derived CTL epitopes that could 
be used as components in peptide-based vaccines and for the 
analysis of anti-MUCI CTL responses in A*020 1 -positive pa- 
tients with MUC I -expressing tumours. 
© 2001 Wiley-Liss, Inc. 

Key words: MUC1; CTL-epitope; HLA-A*0201; HLA-transgenic 



The human epithelial mucin, MUC1, is a heavily O-glycosy- 
lated type 1 transmembrane protein expressed on the luminal 
surface of most glandular epithelial tissues and on a subset of 
lymphoid cells. 1 * 3 Expression of MUC 1 is dramatically increased 
in more than 90% of breast, pancreatic and ovarian carcinomas as 
well as in a proportion of colon and lung cancers, 4 - 6 B-cell 
lymphomas and multiple myelomas. 7 Thus, as a widely expressed 
tumour-associated antigen, MUC1 is under intensive investigation, 
in both pre-clinical and clinical studies, as a potential target anti- 
gen for immunotherapy of cancer. 8 

The extracellular domain of MUC 1 consists largely of tandem 
repeats of 20 amino acids (PDTRPAPGSTAPPAHGVTSA) 5 and 
the number of repeats varies between 25 and 100, making this 
region an expressed VNTR (variable number of tandem repeats). 
Each repeat contains 5 potential O-glycosylation sites and the 
O-glycans added in some cancers are different from those added in 
the corresponding normal tissues. 9 - 10 The aberrant glycosylation in 
this region results in the exposure of epitopes in the tandem repeat 
that are normally masked so that the cancer mucin can be recog- 
nised as antigenically distinct by B cells. This result has been 
supported by a large body of data describing antibodies directed 
against the VNTR that are specific for the tumour-associated 
altered glycosylation pattern. 6 In addition, non-classical major 
histocompatibility complex (M HQ-unrestricted T-cell responses 
have been described that depend on aberrant glycosylation of the 
VNTR. 7 - 1 1-13 

In searching for classical T-cell epitopes, again the focus has 
been on the VNTR of the molecule, which has been considered to 
be immunodominant due to the large number of repeats. Thus the 
VNTR-derived peptide sequence STAPPAHGV has been found to 
constitute a target for both HLA-A*1101 and HLA-A*0201 -re- 
stricted cytotoxic T lymphocytes (CTL). 1214 However, this peptide 
does not comply fully with the regular binding-motifs for these 
human leukocyte antigen (HLA) molecules and shows relatively 
poor binding compared with many other known epitopes, suggest- 



ing that it interacts with these HLA molecules in a non-conven- 
tional manner. 14 

Although it may seem attractive to focus on HLA-restricted 
CTL epitopes in the VNTR region, the expression of MUC 1 by 
normal epithelia, albeit at a lower level, needs to be considered. 
Because the VNTR constitutes an abundant source of antigenic 
peptides, these could be presented by normal cells, as well as by 
professional antigen-presenting cells that have taken up significant 
quantities of antigen derived from MUC 1 -expressing tissues. 15 As 
seen with several transgenic mouse models expressing artificial 
auto-antigens in a tissue-specific manner, high expression can 
result in T-cell tolerance at a thymic and/or peripheral level. 
Moreover, the degree of tolerance may relate to the level of antigen 
expression. 16 ' 17 On the other hand, expression of such tissue- 
specific auto-antigens may be ignored by T cells, and breaking of 
this T-cell ignorance by a strong antigenic stimulus can result in 
T-cell-mediated destruction of the tissues expressing the auto- 
antigen. 18 ' 19 

The sequences outside the MUC 1 VNTR constitute a less abun- 
dant source of antigen than those derived from the VNTR. Con- 
sequently, the T-cell immune system is less likely to have become 
tolerised for epitopes mapping to this part of the MUC1 protein. 
Furthermore, such epitopes are more likely to provide a window 
for discrimination by effector T cells between the MUC 1 -over- 
expressing tumour and normal MUC1 tissue expressing lower 
amounts. Finally, the VNTR does not harbour peptide sequences 
that comply well with the binding motifs for the most common 
HLA-A molecules, whereas these motifs predict a vast quantity of 
potential epitopes in other areas of the MUC1 sequence. 

In an attempt to find HLA-A*0201 -restricted immunogenic 
epitopes in the non-VNTR areas of the MUC1 sequence, we first 
identified MUC1 peptides that bind well to HLA-A*0201 and 
tested these for their ability to elicit specific anti-tumour immunity 
in HLA-A2/K b mice. These experiments resulted in the identifi- 
cation of 3 MUC 1 -derived HLA-A*0201 -binding epitopes that 
could serve as targets for the anti-tumour CTL response against 
MUC 1 -over-expressing tumours. 



MATERIAL AND METHODS 

Cell culture 

All cell lines were cultured in Iscove's modified Dulbecco's 
medium (IMDM) (Bio Whittaker, Verviers, Belgium) supple- 
mented with penicillin (100 lU/ml, Brocades Pharma, Leiderdorp, 
the Netherlands), L-glutamine (2 mM, ICN Biochemicals, Costa 
Mesa, CA), 8% heat inactivated fetal calf serum (Hyclone, Logan, 
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UT) and 20 \xM 2-mercaptoethanol (Merck, Darmstadt, Germany) 
unless otherwise stated. 

Jurkat-A2/K b cells were derived from the human T-cell line 
Jurkat upon transfection with the chimeric HLA-A*0201/K b (A2/ 
K b ) gene 20 and cultured in normal culture medium supplemented 
with 500 |xg/ml G418 (Life Technologies, Paisly, UK). B16- 
MUCl-A2/K b were derived from the mouse melanoma B16 Fl by 
transfection with MUC1 cDNA under control of the (S-actin pro- 
moter 21 and the HLA-A*0201/K b gene and cultured with 500 
Hg/ml G418 and 50 u.g/ml puromycine (Clonetech, Westburg, 
NL). Surface expression of MUC1 and A2/K b was measured by 
fluorescence-activated cell sorting (FACS) analysis with human 
MUC1 -specific antibodies 12C10 and HMFG2 and with HLA- 
A*0201 -specific antibody BB7.2, respectively (antibodies pro- 
vided by Imperial Cancer Research Fund). Jurkat-A2/K b cells, the 
A2/K b plasmid and A2/K b transgenic mice were kindly provided 
by Dr. L. Sherman (The Scripps Research Institute, Dept. of 
Immunology, La Jolla, CA) The chimeric A2/K b gene has the a 3 
domain of the heavy chain replaced by the corresponding murine 
H-2 K b domain while the HLA-A*0201 a, and a 2 domains are left 
in place. 20 This procedure allows interaction of the mouse CD8 
molecule with the mouse a 3 domain, while peptide-binding char- 
acteristics associated with a, and a 2 domains are retained. 

Synthetic peptides 

Peptides were made by Fmoc chemistry with a Syro II peptide 
synthesiser (Multisyntech, Witten, Germany). Peptides were ana- 
lysed by reversed-phase high performance liquid chromatography 
that showed over 90% purity. They were then lyophilised and 
weighed. For MHC binding studies the peptides were dissolved in 
DMSO (Merck) at 100 mg/ml and stored at -20°C. From this 
stock solution peptides were diluted in phosphate-buffered saline 
(PBS) to relevant concentrations. Fluorescein (FL)-labelled refer- 
ence (FLPSDC(-FL)FPSV) peptide was synthesised as described 
previously by cystein labelling with 4-(iodoacetamido)-fluorescein 
(Fluka, Buchs, Switzerland). 22 

Peptide binding assay 

Peptide binding to HLA-A*0201 was analysed using B lympho- 
blastoid JY cells that were homozygous for HLA-A*0201, in a 
semi-quantitative competition assay as described previously. 22 The 
assay is based on competitive binding of a test peptide and a 
fluorescently labelled reference peptide to HLA-A*0201 mole- 
cules. Briefly, peptides were stripped off HLA-A*0201 -peptide 
complexes on JY cells, by exposing them for 90 sec to ice-cold 
citric acid buffer at pH 3.2. Subsequently, cells were washed twice 
in IMDM and resuspended in IMDM supplemented with 1 jig/ml 
0 2 -microglobulin (Nuclilab). In a 96- well U-bottomed plate 150 
nM FL-labelled reference peptide (FLPSDC(-FL)FPSV) and ti- 
trated amounts of competitor peptide were incubated with 7 X 10 5 
acid-stripped JY cells for 24 hr at 4°C. Cells were washed in 
PBA1% (PBS with 1% bovine serum albumin), fixed with 0.5% 
paraformaldehyde and analysed on FACScan (Becton Dickinson, 
Mountain View, CA). The mean fluorescence (MF) obtained in the 
absence of competitor peptide was regarded as maximal binding 
and equated to 0% inhibition; the MF obtained without reference 
peptide was equated to 100% inhibition. The percentage inhibition 
was calculated using the formula: 

{1 - (MF 1 50 nM reference and competitor peptide 

- MF no reference peptide 

r r ^ j 00% 

(MF 1 50 nM reference peptide 

- MF no reference peptide 

The binding capacity of competitor peptides is expressed as the 
concentration (jaM) needed to inhibit 50% of binding of the 
FL-labelled reference peptide (IC 50 ). 

Measurement of MHC-peptide complex stability at 24°C 

To measure MHC-peptide complex stability the above peptide 
binding assay was carried out at room temperature (24°C) for 3 



and 24 hr and IC 50 values were obtained in a similar manner. 23 
Peptide-MHC complexes were regarded as relatively stable if 
significant peptide binding (IC 50 < 50) was detectable even after 
prolonged (24 hr) incubation at elevated temperature (24°C). 

Immunisations, T cell cultures, cytotoxicity assays 

To assess immunogenicity of the peptides, transgenic mice 
expressing the product of the A2/K b chimeric gene were used. 
A2K b transgenic mice were used to assess immunogenicity of 
identified HLA-A*0201 binding peptides. Mice were kept under 
standard clean experimental conditions. Groups of A2/K b trans- 
genic mice were immunised subcutaneous ly (s.c.) on the left flank 
with 100 |xg of MUC1 peptide emulsified in IF A in the presence 
of 140 u,g of the H-2 I-A b -restricted HBV core antigen-derived 
T-helper epitope (HBV 128 _ 140 TPPAYRPPNAPIL). 24 After a min- 
imum period of 2 weeks the mice were boosted using same 
protocol. Two weeks after the last immunisation, mice were sac- 
rificed and spleen cells (30 X 10 6 cell in 10 ml) were restimulated 
with peptide-pulsed syngeneic irradiated lipopolysaccharide-elic- 
ited B-cell lymphoblasts (ratio 3:1) and 1 fig/ml MUC1 -derived 
peptide in complete medium in T75 flasks. On day 7 of in vitro 
culture, the cells were passed over a Ficoll gradient and CTL 
reactivity was tested in a standard chromium ( Cr) release assay. 
As a target, peptide-pulsed Jurkat- A2/K b cells were used. Labelled 
target cells were pulsed for 20 min with peptide (10 jxg/ml) and 
incubated at constant number with a titrated amount of effector 
cells for at least 5 hr at 37°C. Spontaneous and maximum release 
were measured in multiples of 6 wells. Bulks were scored specific 
when target cell lysis was at least 20% higher than background at 
a minimum of 2 E:T ratios. 

Dendritic cell (DC) preparation 

Spleen-derived dendritic cells (scDC) were prepared as de- 
scribed previously. 25 In short, single cell suspensions were made 
after spleens were incubated with 400 U/ml of collagenase (Sigma) 
for 1 5 min at 37°C. After a density bovine serum albumin gradient, 
cells in the alpha band were plated on 36-mm glass dishes and left 
to adhere for 2 hr. Non-adherent cells were washed away and the 
remaining cells were incubated overnight at 37°C, 5% C0 2 . The 
following day non-adhered cells were collected, peptide loaded (10 
tig/ml, 1 hr) washed in PBA1% and injected intravenously (i.v.) in 
PBS (5 X 10 5 DC per mouse). 



RESULTS 

Selection of MUCJ peptides for their HLA-A*0201 binding 
capacity 

Computer programs 26 27 were used to scan the entire MUC1 
protein sequence for peptides that matched the motifs for HLA- 
A*0201 to select peptides for biochemical synthesis. The MUC1 
sequence comprising two tandem repeats (TR) 1 was searched for 9 
amino acid long peptides complying with the anchor residue 
motifs for HLA-A*0201. Ninemers in the top 10% of the scoring 
data for HLA-A*0201 were synthesised and tested for binding to 
HLA-A*0201. In addition the VNTR-derived peptide MUC 130 _ 138 
STAPPAHGV was tested, as it had been described previously to 
constitute an HLA-A*0201 -restricted T-cell epitope. 14 

Peptide binding to HLA-A*0201 was analysed using HLA- 
A*0201 + B lymphoblastoid JY cells in a semi-quantitative com- 
petition assay. 22 All peptides were tested in at least 3 independent 
experiments. Of 90 peptides tested, 5 were able to compete for 
HLA-A*0201 binding with the fluorescently labelled reference 
peptide to 50% at concentrations lower than 15 jaM (Table IB). 
This range of binding capacity has been observed for known 
naturally processed epitopes (see Flu-Ml 58 _ 66 in Table I A). 25 In 
addition, we identified 6 peptides, including the VNTR-derived 
peptide MUC 130 _ I38 STAPPAHGV, that showed measurable but 
weaker binding to HLA-A*0201 (Table IC). None of the remain- 
ing peptides exhibited any detectable binding to HLA-A*0201 
(data not shown). 
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TABLE I - SUMMARY OF THE PARAMETERS CHARACTERISING THE 1 1 BEST HLA-A*0201 BINDING PEPTIDES 





Peptide 


Sequence 


Motif 1 


Motif 2 


ICjo 3 


Stability 


CTL response 4 


Tumour protection 5 


A 
r\ 


FT T I Ml 58 "" 66 
rLU-lVi I 


vjiLvjr vr il 




55' 


3 2 


+ 


N.T. 


N.T. 5 




nrV 10 CO 


vt pot TTFT 






9 








R 


wr j r 264-272 


FT ^FHTSNT 


59 


226 


7 


+ 


3/7 


+ 




MUC 460 " 468 


SLSYTNPAV 


62 


69 


8 


+ 


0/6 






MUC 13 - 21 


LLLTVLTVV 


63 


412 


6 




0/4 






MUC 167 " 175 


ALGSTAPPV 


64 


69 


10 


+ 


4/6 


+ 




MUC 79 " 87 


TLAPATEPA 


58 


2 


11 


+ 


4/6 


+ 


c 


MUC 107 "' 15 


ALGSTTPPA 


56 


5 


25 


+/- 


N.T. 


N.T. 




MUC 257 " 265 


STGVSFFFL 


45 


17 


50 




N.T. 


N.T. 




MUC 353 " 36 ' 


NLTISDVSV 


57 


69 


85 




N.T. 


N.T. 




MUC 130 " 138 


STAPPAHGV 


51 


1 


> 100 




N.T. 


N.T. 




MU C i»-i7i 


STAPPVHNV 


53 


2 


> 100 




N.T. 


N.T. 




MUC 12 " 20 


LLLLTVLTV 


64 


1006 


> 100 




N.T. 


N.T. 



Positive control peptides (A), strong MUC1 binders (B) and weak MUC1 binders (C).-Motif score derived using motif published by 
D'Amaro et al. 1(, -Wioi\i score derived using http://bimas.cit.mh.gov/molbio/hla _bind/index.html. 21 -\C S Q represents the amount of peptide 
(ixM) required for 50% inhibition of binding of the fluorescein-labeled reference peptide.- 4 Fraction of mice that mounted a peptide-specific 
response. (20% specific lysis over control targets in two E:T ratios.)- 5 *, peptides protecting mice against MUC 1 -expressing tumours, 
peptides failing to show protection; N.T., not tested. 



TABLE II - STABILITY OF PEPTIDE BINDING TO HLA-A *0201 
1C 50 QiM) 



Peptide stability 24^C 





3hr 


24hr 


3hr 


24hr 


FLU-MI 58 " 66 


1 


3 


2 


3 


HPV16 E6 


26 


9 


27 


55 


MUC 264 " 272 


6 


7 


4 


35 


MUC 460 " 468 


8 


8 


7 


17 


MUC 1 3-21 


20 


6 


6 


25 


MUC 167 "' 75 


27 


10 


13 


25 


MUC 79 ' 87 


20 


11 


7 


12 


MUC 107 -" 5 


20 


25 


24 


45 


MUC 257 " 265 


100 


50 


20 


> 100 


MUC 353 " 361 


40 


85 


40 


> 100 


MUC 130-1 38 


80 


> 100 


> 100 


> 100 


MUC ,7 o-' 78 


35 


> 100 


45 


> 100 


MUC 12 " 20 


> 100 


> 100 


> 100 


> 100 



Stability of the peptides was tested by the HLA-A*0201 binding 
assay incubating the cells with peptide at 4°C or 24°C for 3 or 24 hr. 



Because the peptide-binding assay is performed at 4°C, it mea- 
sures the capacity of peptides to bind MHC while ignoring the 
influence of higher physiological temperature on the stability of 
MHC-peptide complexes. The latter parameter was shown to cor- 
relate more accurately with immunogenicity than binding capacity 
per se 2y2S We therefore tested the stability of the strong and 
intermediate binding peptides at 24°C as well as 4°C after 3 and 24 
hr (Table II). All 5 peptides that exhibited strong binding also 
formed stable MHC-peptide complexes (Table IB). Of the 6 pep- 
tides with lower binding capacity, only MUC l07 _ ll5 bound well 
enough to permit stability analysis. As shown in Table II, this 
peptide formed poorly stable complexes with HLA-A*0201. Its 
binding characteristics were comparable to that of several other 
peptides that were previously shown to be non-immunogenic. 23 
Peptide HPV16 E6 is included as an example of a peptide that 
binds well but does not form stable complexes with HLA-A*0201 
and is not immunogenic. 23 

Immunogenicity of MUC 1 -derived peptides in A2/K b 
transgenic mice 

The 5 peptides that were selected on basis of the binding assays 
(Table IB) were tested for their capacity to induce peptide-specific 
CTL immunity in vivo. Mice transgenic for a chimeric HLA- 
A*0201/K b molecule (A2/K b ), 20 which have been used success- 
fully by many researchers including ourselves to identify HLA- 
A*0201 -restricted CTL epitopes derived from tumour antigens 



(e.g., Ressing et a/. 24 ), were immunised with the synthetic peptides 
emulsified in IFA. Bulk splenocyte cultures taken from these mice 
2 weeks after the last immunisation were tested for cytotoxic 
activity after 1 week of in vitro restimulation against peptide- 
loaded Jurkat-A2/K b cells. 

Three of the 5 peptides, namely MUC 79 _ g7 , MUC l67 _ 175 and 
MUC 264 _ 272 , were found to be immunogenic in A2/K b transgenic 
mice, in that they reproducibly induced strong peptide-spechic 
CTL responses. In contrast peptides MUC 13 _ 21 and MUC 460 _ 468 
did not induce peptide-specific responses in any of the immunised 
mice, even though their binding to HLA-A*0201 was comparable 
to that of the other peptides (Table I; Fig. 1). A2/K b transgenic 
mice expressed, in addition to the transgene-encoded A2/K b mol- 
ecule, 2 endogenous class I MHC molecules: H-2D b and H-2K b . 
Importantly, we tested the in vitro reactivity of the peptide- induced 
CTL against Jurkat-A2/K b cells that lack either of these murine 
class I molecules, ensuring that the CTL reactivity detected in 
these assays is indeed A2/K -restricted. Furthermore, parallel anal- 
ysis of the MUC1 sequence for peptides binding to H-2D b and 
H-2K b resulted in selection of a set of peptides that did not include 
MUC 79 _ 87 , MUC 167 _ 175 and MUC 264 _ 272 . Moreover, the latter 3 
peptides were not found to be a target of the MUC 1 -specific CTL 
response in non-A2/K b -transgenic mice (our additional unpub- 
lished data). Taken together, our data therefore indicate that pep- 
tides MUC 79 _ 87 , MUC, 67 _ 175 and MUC 264 _ 272 represent immu- 
nogenic targets in the context of HLA-A2/K b . 

Peptide immunisation induces MUC 1 -specific anti-tumour 
immunity in A2/K b -transgenic mice 

The data in Figure 1, although showing that peptides MUC 79 _ 87 > 
MUC l67 _i 75 and MUC 264 _ 272 are highly immunogenic, do not ad- 
dress the question whether CTL raised against these peptides are 
capable of reacting against MUC1 and A2/K b -positive tumour cells 
that present physiological quantities of naturally processed epitopes at 
their surface. We therefore carried out experiments to analyse whether 
the in vivo induced peptide-specific CTL responses are capable of 
killing MUC 1 -over-expressing tumours. A tumour model in the 
A2/K transgenic mice was developed by transfection of the highly 
tumourigenic mouse melanoma B16 Fl with the MUC1 cDNA and 
the HLA-A2/K b gene. From these transfections clone B16-MUC1- 
HLA-A2/K b was derived (Fig. 2). MUC1 expression levels on B16- 
MUCl-A2/K b were similar to those on HeLa human cervical carci- 
noma cells and T47D human breast carcinoma cells (Fig. 2a-j). 
A2/K b expression on B16-MUCl-A2/K b was low but detectable on 
routinely cultured cells, and strongly increased when cells were cul- 
tured in the presence of interferon^ (IFN7) (Fig. 2g f h). Strong up- 
regulation of class I MHC by IFN7 is a common phenomenon 




Ficure 1 - MUC1 -derived HLA-A*0201 binding peptides induce peptide-specific cytotoxic T lymphocyte (CTL) responses. A2/K transgenic 
mice were immunised twice with 100 |xg of MUC1 peptide in incomplete Freund's adjuvant and 140 fig of the H-2 I- A -restricted HBV core 
antigen-derived T-helper epitope (HBV 128 * 140 TPPAYRPPNAPIL) day -28 and -14, as described previously. 24 On day 0 single cell 
splenocytes suspensions were restimulated in vitro for one week with peptide loaded syngeneic LPS-elicited lymphoblasts and tested for 



cytotoxicity of peptide loaded Jurkat-A2/K b . Groups of A2/K b transgenic mice were immunised with either of the peptides MUC1 264 _ 2 72» 
MUC1 460 _ 468 , MUCl l3 _ 2l , MUC1, 6 7_ 175 or MUC1 79 _ 87 . CTL bulk cultures were tested against Jurkat-A2/K b cells loaded with the cognate 
peptide (filled triangles) or irrelevant influenza matrix control peptide (open circles). For each peptide data from 3 mice are shown. A summary 
of all results is provided in Table I. 
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FL1 -Height FL1 -Height 

Figure 2 - Surface expression of MUC1 and A2/K b on B16 Fl transfectants. A stable cell line developed from B 16 Fl by transfection of the 
MUC1 cDNA and the chimeric A2/K b cDNA construct expresses MUC1 and A2/K b on the cell surface as detected by flow cytometry. 
B16-MUCl-A2/K b {a,b\ human cervical carcinoma cell line HeLa {c,d) and human breast carcinoma cell line T47D (ej) were stained with mAb 
hybridoma supernatants specific for MUC1 (12C10 and HMFG2). Furthermore, B16-MUCl-A2/K b was stained for HLA-A*0201 (BB7.2). The 
A2/K b expression on B16-MUCl-A2/K b was increased by treatment of the cell culture with lOu/ml murine IFN7 for 3 days before staining (g,h). 
Background staining with secondary FITC-labelled mAb alone is shown with a dotted line. 



observed for many murine and human tumour cell lines (data not 
shown). In tumour-take experiments s.c. administration of 10 5 B16- 
MUCt-A2/K b cells resulted in 80%-100% tumour take in A2/K b 
transgenic mice (data not shown). This tumour dose was used for all 
further experiments. 

To test whether the MUC1 -derived HLA-A*0201 binding pep- 
tides could protect A2/K b transgenic mice against tumour chal- 
lenge, groups of 8 mice were immunised with MUC1 peptides in 
IFA and subsequently challenged with B16-MUCl-A2/K b . As a 
positive control for this experiment, one group of mice was im- 
munised intraperitoneal ly (i.p.) with I0 K pfu of a recombinant 
Vaccinia virus expressing MUC1 (VV-MUC1), a mode of antigen 
delivery that has been shown previously to protect mice against 
MUC-1 -positive tumours. 29 Immunisation with peptides MUC 79 _ g7 , 
MUC 167 _ 175 and MUC 264 _ 272 as well as with W-MUC1 induced 
significant protection of the mice against tumour growth compared 
with mice immunised with IFA alone (p = 0.0008,/? = 0.005 and/? = 
0.02, respectively). This finding indicated that the CTL activity raised 
against these 3 epitopes is capable of eradicating B16-MUCl-A2/K b 
tumour cells in vivo. Peptides MUC 13 _ 2 , and MUC 460 _ 46 8, which 
failed to induce peptide-specific CTL responses (Fig. 1), were also not 



able to protect mice against tumour challenge. Mice immunised with 
these peptides did not survive significantly better than mice that had 
received IFA alone (p = 0.536 and/? = 0.926, respectively). Further- 
more, the rate of tumour growth was not inhibited (Fig. 3). 

Vaccination with peptides emulsified in IFA has in certain cases 
been shown to induce epitope specific tolerance. 25 - 30 However, 
presentation of these peptides in an appropriate co-stimulatory 
context, for instance by loading of the peptides on dendritic cells, 
was shown to prevent tolerance induction and instead resulted in 
CTL priming. 25 To exclude the possibility that we might overlook 
the immunogenic potential of one or more of the MUC1 -derived 
peptides under investigation, in particular peptides MUC 13 _ 2 , and 
MUC 460 _468> A2/K b transgenic mice were immunised, prior to 
tumour challenge, with 5 X 10 s peptide-loaded scDC (Fig. 4). This 
experiment confirmed that peptides MUC 264 _ 272 , MUC 79 _ 87 and 
MUC, 67 _, 75 induced significant protection against tumour chal- 
lenge (p = 0.006,/? = 0.002 and/? = 0.001, respectively). Peptides 
MUCi 3 _ 2 i and MUC 460 _ 468 , however, failed to result in signifi- 
cant protection of the mice, even when loaded on DC (p = 0.122 
and p = 0.172, respectively) (Fig. 4). 
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Figure 3 - MUC1 peptide vaccination protects A2/K b transgenic mice against tumour challenge. Groups of eight A2/K b transgenic mice were 
immunised s.c. on day -28 and -14 with 100 \ig of MUC1 peptide in IFA, IFA alone or with 10 8 pfu rec. VV-MUC1 i.p. All mice were 
challenged s.c. with 10 5 B 1 6-MUC 1 -A2/K b on day 0, 14 days after the last immunisation. Tumour growth was recorded by measuring three 
dimensions. No changes in tumour status were recorded after the last day shown. 
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Figure 4 - Immunization with peptide-loaded dendritic cells (DC) induces protective cytotoxic T lymphocyte (CTL) immunity against 
MUC1 -over-expressing tumor cells. Groups of 8 A2/K b transgenic mice were immunised intravenously (i.v.) with 5X10 DC per mouse loaded 
with 10 u,g/ml of the indicated MUC1 peptide, or with phosphate-buffered saline alone i.v. All mice were challenged subcutaneously (s.c.) with 
10 5 Bl 6-MUC 1-A2/K b on day 0, 14 days after the last immunisation. Tumour growth was recorded by measuring 3 dimensions. No changes 
in tumour status were recorded after the last day shown. 



DISCUSSION 

The human polymorphic epithelial mucin MUC1 is over-ex- 
pressed by a number of epithelial and hematological malignancies 
and therefore is a potential target for T-cell-mediated immunity. 
Whereas most previous studies have focused on identifying poten- 
tial CTL epitopes in the VNTR region of MUC1, we have iden- 
tified 3 MUC1 -derived HLA-A*0201 -restricted epitopes that map 
outside the VNTR region, comply with the HLA-A*0201 motif 
and show strong binding to this molecule. Our studies with A2/K b 
transgenic mice show that these peptides are not only immuno- 
genic, but also are capable of protecting the mice against a chal- 
lenge with MUC1 -expressing tumour cells. The tumour-rejection 
experiments demonstrate that peptides MUC 79 _ 87 , MUC 167 _ 175 
and MUC 264 _ 272 represent naturally processed CTL epitopes. It is 
theoretically possible that the naturally processed epitopes would 
constitute 8- or 10-mer length variants of these peptides, which in 
view of the C-terminal anchor position would have to share the 



same C-terminus. However, CTL raised against the 9-mer peptides 
effectively recognised and killed the Bl 6-MUC 1-A2/K b tumour 
cells in vivo. In fact, vaccination of A2/K b transgenic mice with 
either of the 3 identified peptide epitopes induced equally effective 
anti-tumour immunity as vaccination with a recombinant Vaccinia 
construct encoding the entire MUC1 antigen (Fig. 3), indicating 
that vaccines comprising the 9-mer peptides are powerful inducers 
of the HLA-restricted anti-tumour CTL response. We therefore did 
not pursue further studies concerning the epitope length variants. 
The tumour-rejection experiments were performed in A2/K b -trans- 
genic mice challenged with A2/K b -expressing tumours. The chi- 
meric A2/K b molecule and the wild-type HLA-A*0201 molecule 
differ in their a 3 domain, which is involved in the interaction with 
the CD8 molecule on the T cell, but are identical with respect to 
their other domains including those that govern peptide binding 
and T-cell receptor interaction. 21 Furthermore, MUC1 levels on 
Bl 6-MUC 1-A2/K b cells are similar to those on human MUC1- 
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TABLE III - CANDIDATE PEPTIDES FROM THE NON-VNTR REGION OF 
MUCI FOR INDUCTION OF HLA-A*0201 RESTRICTED CTL RESPONSES 



Sequence of the peptide Amino acid position in MUC1 1 Reference 



LLLLTVLTV 


12-20 


Brossart et 


a/. 31 


LLLTVLTVV 


13-21 (32-40) 2 - 3 


Carmon et 


a/. 32 


TLAPATEPA 


79-87 


This study 




ALGSTAPPV 


167-175 


This study 




ALASTAPPV 


(226-234) 2 


Carmon et 


al* 2 


STAPPVHNV 


170-178 (950-958) 4 


Brossart et 


a/. 3 ' 


FLSFHISNL 


264-272 (323-33 1) 2 


This study 




NLTISDVSV 


353-361 (412-420) 2 ' 3 


Carmon et 


al? 2 



'Our numbering is based on the MUCI cDNA sequence including 
2 tandem repeats as published by Gendler and co-workers. - 2 The 
amino acid numbering used by Carmon et al? 2 differs from our 
numbering. Since our MUCI 3-21 peptide matches the MUC32-40 
peptide described by Carmon et al., 32 we conclude that their reference 
sequence must contain an additional 1 9 amino acids at the N-terminus. 
This addition is distinct from the extra 9 residues contained within a 
previously described splice variant of MUCI. 33 The numbering of the 
other peptides can be readily aligned with our numbering by assuming 
the above as well as that the reference sequence used by Carmon et 
a/. 32 contains 4 instead of 2 20-amino-acid long tandem repeats (add 
19 + 40 = 59). We were not in fact able to find a MUCI sequence in 
the available databases that matched the amino acid numbering by 
Carmon et al 32 so all peptides are listed with numbers from our 
sequence - 3 The actual numbering of these peptides in the report by 
Carmon et a/. 32 is 32-41 and 412-421, respectively. We adjusted this 
numbering to represent 9-mer peptides.- 4 The numbering of the pep- 
tides by Brossart et a!. 31 is based on a MUCI sequence containing 39 
additional 20 amino acid repeats (add 39 X 20 = 780). 

positive tumour cell lines (Fig. 2). Our data therefore indicate that 
human CTL raised against MUC 79 _ 87 , MUC I67 _,7 5 and MUC 264 _ 272 
should be equally capable of responding against MUCI -over-express- 
ing, HLA-A*0201 -positive human tumours, provided that these tu- 
mours express sufficient levels of HLA-A*020I at their surface. 

In 2 recent reports 3132 a number of MUCI -derived HLA- 
A*0201-restricted CTL epitopes have been described which, as 
with the epitopes identified in the present report, map outside the 
VNTR sequence and are in compliance with the binding motif for 
HLA-A*0201. Brossart and co-workers 31 identified peptides 
MUC I2 _ 20 (LLLLTVLTV) and MUC I70 _ 178 (STAPPVHNV) , as 
potential targets for CTL-mediated immune attack (Table III). 
Human CTL raised against these peptides recognise MUCI -ex- 
pressing tumour cells, indicating that these peptides represent 
naturally processed epitopes. 31 The fact that independent attempts 
to identify non-VNTR MUCl-derived HLA-A*0201 -restricted T- 
cell epitopes resulted in the identification of complementary sets of 
epitopes can be explained best by differences in experimental 
approach. Brossart and co-workers 31 screened the MUCI sequence 
for peptides matching the motif for HLA-A*0201 -binding, after 
which they selected 2 peptides for induction of CTL responses 
without prior analysis of their capacity to bind to HLA-A*0201. 
These 2 peptides were in fact among the set of 90 MUCl-derived 
peptides that we tested for HLA-A*0201 binding. However, they 
showed only weak binding in our assays, and only peptides show- 
ing stronger binding were selected for analysis of immunogenicity. 

The report by Carmon et al? 1 describes 3 MUCl-derived 
potential epitopes: MUC I3 _ 21 (LLLTVLTVV), MUC 167 _ J75 
(ALASTAPPV) and MUC 353 _ 36l (NLTISDVSV). As explained 



in Table III, one of these peptides (MUC I67 _, 75 ) corresponds to 
one of the peptides we identified as being immunogenic and 
effective in tumour protection, although it differs by one amino 
acid from the sequence ALGSTAPPV defined in our experiments. 
This discrepancy may be explained by usage of a MUCI sequence 
that deviates from the one we used. Peptide MUC, 3 _ 21 was also 
found to bind well to HLA-A*0201 in our experiments, but did not 
display immunogenicity in vivo (Table I). The third peptide 
epitope (MUC 353 _ 361 ) defined by Carmon et al? 2 as being immu- 
nogenic in HLA-A2.1/D b -p2-microglobulin single chain (HHD) 
transgenic mice was found by ourselves to be a weak binder to the 
HLA-A*0201 molecule and was not tested in the in vivo assays. 
Conversely the peptide MUC 264 272 (FLSFHISNL) was found by 
Carmon et a/. 32 to be a weak binder to the hybrid HHD single 
chain molecule and was not analysed further by those investiga- 
tors, whereas peptide MUC 79 _ 87 TLAPATEPA was not selected 
for testing. This again illustrates that different selection criteria and 
in vitro binding assays can result in the identification of distinct 
T-cell epitopes. 

In conclusion, our study has resulted in the identification of 3 
non-VNTR MUCl-derived HLA-A*0201 -restricted epitopes. Two 
of these peptides, MUC 79 _ 87 and MUC 264 _ 272 , represents novel 
epitopes, whereas the epitope corresponding to peptide MUC, 67 _ 
175 has also been described by others, 32 albeit with a sequence 
difference. In addition, the tumour rejection experiments described 
herein demonstrate that all 3 peptides can serve as constituents of 
an effective peptide vaccine capable of inducing effective anti- 
tumor CTL immunity in vivo. Because MUCI is a tumour-asso- 
ciated auto-antigen that is also expressed by normal epithelia, 
albeit at lower levels, it cannot be excluded that tolerance for these 
epitopes and/or auto-immune reaction of MUCI -specific CTL 
toward normal epithelia would restrict the exploitation of these 
epitopes for immunotherapy of cancer. Importantly, the detection 
of MUCI -specific CTL responses in human CTL cultures from 
healthy individuals and from vaccinated cancer patients, 1214 - 31 305 
as well as the efficacy of MUCI -specific vaccination against 
MUCI -over-expressing tumours in (human)MUC I -transgenic 
mice in the absence of detectable auto-immune damage, 36 - 37 indi- 
cate that the issues of tolerance and auto-immunity do not put a 
general restriction on the use of MUCI as a target for CTL- 
mediated immunotherapy of cancer. Similar observations have 
been made for other tumour-associated auto-antigens such as car- 
cinoembryonic antigen, HER-2/neu and melanocyte antigens (re- 
viewed in: Offringa et a/. 38 ). 

Taken together, there are currently 4 independent and complemen- 
tary studies aimed at the identification of HLA-A*0201 -restricted 
MUCI epitopes that have resulted in the identification of 7 distinct 
immunogenic peptides, one derived from the VNTR sequence 14 and 
6 derived from the non-VNTR areas of the MUCI protein (Table III). 
Analysis of T-cell immunity against these peptides in cancer patients 
with MUCI -positive tumours will be required to show which of these 
peptides constitute targets of the natural and/or vaccine-induced CTL 
response against MUCI in humans. 
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I. Dendreon Announces Provenge Significantly Improves Survival In Men With 
Advanced Prostate Cancer 

Median survival benefit of 4.5 months is longest ever reported from a Phase 3 study in 
advanced prostate cancer - 

Conference Call Scheduled for Tuesday, February 22, at 9:00 a.m. EST -- 

ORLANDO, FLA., February 17, 2005 - Dendreon Corporation (Nasdaq: DNDN) announced today 
that Provenge®, the Company's investigational immunotherapy for the treatment of prostate cancer, 
significantly improved survival in men with asymptomatic, metastatic androgen-independent 
(hormone-refractory) prostate cancer when compared to patients receiving placebo. The final data 
from the D9901 study will be presented by Eric J. Small, M.D., professor of medicine and urology at 
the University of California, San Francisco, on Saturday, February 19 at the 2005 Multidisciplinary 
Prostate Cancer Symposium. 

According to the final three-year intent-to-treat analysis of the Company's first randomized Phase 3 
clinical study, known as Study D9901, patients receiving Provenge had a 4.5 month improvement in 
their median survival and a greater than 3-fold increase in survival at 36 months when compared to 
patients receiving placebo. 

"The survival benefit seen with Provenge is the largest ever reported in this patient population with 
any therapy," said Dr. Small. "This survival benefit, combined with a favorable safety profile, has the 
potential to provide an important new treatment option for prostate cancer patients." 

In Study D9901 , patients receiving Provenge had a median survival of 25.9 months compared to 
21 .4 months for patients in the placebo arm, a 4.5 month improvement (p-value = 0.01 , hazard ratio 
= 1.7). This hazard ratio implies that patients receiving placebo have a relative risk of dying that is 70 
percent higher than those patients receiving Provenge. In addition, 34 percent of patients receiving 
Provenge were alive at 36 months compared to 1 1 percent of patients receiving placebo (p-value = 
0.0046). The survival benefit seen with Provenge was independent of a patient's Gleason Score, a 
common measure of disease severity. Provenge was well tolerated with the most common adverse 
events reported being fever and chills lasting for one to two days. 

Study Details 

The D9901 study was a double-blind, placebo-controlled Phase 3 trial evaluating Provenge in men 
with asymptomatic, metastatic androgen independent prostate cancer. The study was designed to 
measure time to disease progression and time to development of disease-related pain in men with 
androgen independent prostate cancer. In addition, a 36 month final survival analysis was required 
per the study design. The study randomized 127 men to receive three infusions of Provenge or 
placebo over a four-week period. 

About Prostate Cancer 

Prostate cancer is the number one non-skin cancer in the United States and the third most common 
cancer worldwide. More than one million men in the United States have prostate cancer, with an 
estimated 232,000 new cases of prostate cancer diagnosed each year. More than 30,000 men die 
each year of the disease. 



Conference Call Details 



The Company will be hosting a conference call on Tuesday, February 22, 2005 at 9:00 a.m. Eastern 
Standard Time; 6:00 a.m. Pacific Standard Time. To listen to this conference call, please call 877- 
502-9276 (domestic) or +1-913-981-5591 (international). A replay of the call will be available for 30 
days by phone at 888-203-1 112 (domestic) or +1-719-457-0820 (international), Passcode: 5926949. 
In addition, this call is being webcast and can be accessed via the "Investor/Webcasts & 
Presentations" section of Dendreon's website at www.dendreon.com. 

About Provenge 

Provenge is designed to stimulate a patient's immune system against prostate cancer. It is 
developed through Dendreon's proprietary Antigen Delivery Cassette™ technology, which utilizes a 
recombinant form of an antigen found in 95 percent of prostate cancers, prostatic acid phosphatase 
(PAP). Provenge is being further evaluated in an ongoing, pivotal Phase 3 trial (D9902B) under a 
Special Protocol Assessment agreement with the U.S. Food and Drug Administration. Provenge also 
has Fast Track designation. The double-blind, placebo-controlled trial is enrolling patients at leading 
cancer centers around the country. To learn more about the trial, go to www.dendreon.com. 

About Dendreon 

Dendreon Corporation is a biotechnology company whose mission is to target cancer and transform 
lives through the development of innovative cancer treatments. In addition to its immunotherapies in 
clinical and preclinical development for a variety of cancers, Dendreon's product pipeline also 
includes monoclonal antibody and small molecule product candidates. Dendreon has research and 
development alliances with Genentech, Inc., Abgenix, Inc. and Dyax Corp. For more information 
about the company and its programs, visit www.dendreon.com. 

Except for historical information contained herein, this news release contains forward-looking 
statements that are subject to risks and uncertainties surrounding the efficacy of Provenge to treat 
men suffering from prostate cancer, risks and uncertainties surrounding the presentation of data to 
the FDA and approval of product applications by the FDA and risks and uncertainties inherent in the 
process of discovering, developing and commercializing drugs that are safe and effective for use as 
human therapeutics. Factors that may cause such differences include risks related to our limited 
operating history, risks associated with completing our clinical trials, the risk that the safety and/or 
efficacy results of a clinical trial for Provenge will not support an application for a biologies license, 
the risk that the FDA may interpret data differently than we do or require more data or a more 
rigorous analysis of data than expected, the risk that the FDA will not approve a product for which a 
biologies license has been applied, the risk that the results of a clinical trial for Provenge or other 
product may not be indicative of results obtained in a later clinical trial, risks that we may lack the 
financial resources and access to capital to fund required clinical trials or commercialization of 
Provenge, our dependence on the efforts of third parties, including collaborators, and our 
dependence on intellectual property. Further information on the factors and risks that could affect 
Dendreon's business, financial condition and results of operations, are contained in Dendreon's 
public disclosure filings with the U.S. Securities and Exchange Commission, which are available at 
www.sec.gov. 

Contacts: 
Monique Greer 

Sr. Director, Corporate Communications 
Dendreon Corporation 
(206) 829-1500 

http://investor.dendreon.com/ReleaseDetail.cfm?ReleaselD=156146&Header=IR 
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BACKGROUND. Prostate cancer is the most commonly diagnosed malignancy in American 
men, yet treatment of its metastatic androgen-independent form remains inadequate. This 
mandates development of new therapies such as immunotherapy. In this Phase 2 trial, we 
determined the efficacy of antigen presenting cells (APCs) loaded with PA2024, a recombinant 
fusion protein containing prostatic acid phosphatase (PAP) and GM-CSR 
METHODS. We enrolled 21 patients with histologically documented androgen-independent 
prostate carcinoma that could be evaluated by radionuclide bone scan or computed tomo- 
graphy scan. APC8015 was prepared from a leukapheresis product; it contained autologous 
CD54-positive PA2024-loaded APCs with admixtures of monocytes, macrophages, B and T 
cells. APC8015 was infused intravenously twice, 2 weeks apart. Two weeks after the second 
infusion, patients received three subcutaneous injections of 1 .0 mg of PA2024 1 month apart. We 
monitored patients' physical condition, immune response, and laboratory parameters. 
RESULTS. Nineteen patients could be evaluated for response to treatment. The median time to 
progression was 118 days. Treatment was tolerated reasonably well; most adverse effects were 
secondary to APC8015 and were NCI Common Toxicity Criteria Grade 1-2. Four of the 
21 patients reported Grade 3-4 adverse events. Two patients exhibited a transient 25-50% 
decrease in prostate-specific antigen (PSA). For a third patient, PSA dropped from 221 ng/ml at 
baseline to undetectable levels by week 24 and has remained so for more than 4 years. In 
addition, this patient's metastatic retroperitoneal and pelvic adenopathy has resolved. PBMC 
collected from patients for at least 16 weeks proliferated upon in vitro stimulation by PA2024. 
For the patient with responsive disease, PBMC could be stimulated for 96 weeks. 
CONCLUSIONS. This study demonstrates a definite clinical response of androgen-inde- 
pendent prostate cancer to APC immunotherapy. Currently we are studying this mode of 
therapy in Phase 3 trials. Prostate 60: 197-204, 2004. © 2004 Wiley-Liss, Inc. 

KEY WORDS: antigen presenting cells; clinical response; dendritic cells; metastatic 
adenopathy; PA2024; prostate-specihc antigen; time to disease progres- 
sion 
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INTRODUCTION 

Prostate cancenMs the most commonly diagnosed 
malignancy in American men, with an estimated 
number of 220,900 new cases and 28,900 expected 
deaths in 2003 [1]. Treatment of metastatic prostate 
cancer usually includes androgen ablation by bilateral 
orchiectomy or by agonists of leuteinizing hormone- 
releasing hormone with or without concurrent admin- 
istration of antiandrogens [2]. Initially, most patients 
respond to such treatment, but virtually all eventually 
develop progressive androgen-independent disease 
[3,4], Management of androgen-independent disease 
is less well standardized. It often depends on the extent 
of disease, symptoms, and other concurrent medical 
problems. Options for management include sympto- 
matic and supportive care, second-line hormonal treat- 
ment, chemotherapy, or experimental treatments [5,6]. 
The limited survival and lack of reliably effective 
treatments for this stage of prostate cancer mandates 
development of new therapeutic strategies. 

One new approach utilizes recent advances in iden- 
tification of tumor-associated and tumor-specific anti- 
gens and the ability to culture antigen presenting cells 
(APCs). Among the APCs, dendritic cells are pivotal in 
the initiation and maintenance of immune responses to 
infections and tumors [7]. Such cells can be exposed to 
tissue-associated antigens and activated ex vivo [8,9]. 
Activated cells can be infused to stimulate the immune 
system to search for tumor cells and eliminate them; 
this strategy of cancer immunotherapy is under 
investigation in a number of tumor types [10]. 

Prostate cancer presents a unique opportunity for 
cellular immunotherapy. The prostate and prostate- 
derived tumors express molecules such as prostate- 
specific antigen (PSA), prostate-specific membrane anti- 
gen (PSMA), and prostatic acid phosphatase (PAP); 
each of these molecules is currently under clinical 
investigation as a target antigen [11-16]. PAP is parti- 
cularly attractive because its expression is more 
restricted to the prostate than PSA and PSMA [17]. 
Tissue-specific PAP expression is likely to focus the 
immune effects on prostate tissue. We have previously 
fused the PAP gene to the granulocyte /macrophage 
colony stimulating factor (GM-CSF) gene, expressed 
the fused protein (termed PA2024), and used it in 
Phase 1 clinical studies. There we used autologous 
APCs loaded with PA2024 (termed APC8015) for 
therapy of advanced prostate cancer and showed that 
the treatment is feasible and safe, that it induces cellular 
immunity, reduces PSA and PAP levels in some pa- 
tients, and that it may affect time to disease progression 
[11,17]. Earlier we completed a PA2024 dose escalation 
Phase 1 trial that demonstrated that PA2024 injections 
following APC8015 infusions are also safe [12]. These 



results mandated this Phase 2 study to determine the 
effects of APC8015 followed by the highest dose of 
PA2024 on the course of androgen-independent pros- 
tate cancer. 

PATIENTS, MATERIALS, AND METHODS 
Patients 

Before enrollment, all patients signed informed 
consent approved by the Mayo Clinic Institutional 
Review Board. The patients were eligible when their 
histologically documented prostate carcinoma pro- 
gressed despite androgen ablation and antiandrogen 
withdrawal. Progression had to be documented radio- 
graphically (bone scan or CT scan) or by consecutive 
increases in PSA levels. The tumor had to be evaluable 
by radionuclide bone scan or computed tomography 
scan. Gonadal androgen suppression was continued 
throughout the trial. Prior chemotherapy, radiation 
therapy, or therapy with other experimental agents was 
permitted if completed 4 weeks before enrollment, the 
patient had recovered from any adverse reaction, and 
further disease progression was documented. Prior 
immunotherapy or current use of corticosteroids were 
not allowed. Patients had to exhibit a performance 
status of 0 or 1 (Eastern Cooperative Oncology Group 
criteria) and a life expectancy of at least 12 weeks. Other 
entry criteria included a PSA value above or equal to 
5.0 ng/ml and detectable PAP levels in patients who 
had undergone a prostatectomy or above the upper 
limit of normal in patients who had not undergone 
surgery. Further requirements for enrollment included 
negative serological tests for HIV, human T-cell lym- 
photrophic virus type I, hepatitis B and hepatitis C, and 
acceptable hematological, renal, and hepatic function. 

Preparation of PA2024 

Dendreon Corporation prepared PA2024 for all 
patients in compliance with current Good Manufactur- 
ing Practices. PA2024 consists of human PAP fused 
through its carboxy terminus to the amino terminus of 
GM-CSF by a Gly-Ser linker [12]. The GM-CSF portion 
targets the fusion protein to APCs [18]. Preparation of 
recombinant PA2024, its expression in a. baculovirus 
system and purification to more than 90% purity has 
been previously described [12]. 

Preparation and Administration of APC80I5 

APC8015 is a product comprised of autologous 
APCs (CD54-positive cells that include monocytes 
and dendritic cells) loaded with PA2024. The product 
also contains macrophages, B and T cells exposed 
to PA2024 [12]. Mayo Clinic Human Cell Therapy 
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Laboratory prepared APC8015 for all patients in 
compliance with current Good Manufacturing Prac- 
tices for somatic cell therapy. Two days before each 
APC8015 infusion, patients underwent a standard 
leukapheresis (1.5-2.0 blood volumes). Leukapheresis 
products were processed as previously described [12]. 
Briefly, APC precursors were isolated from the mono- 
nuclear cell preparation and cultured for 40 hr. PA2024 
was added to the cultures for the entire 40 hr and 
unbound PA2024 was removed by washing. The final 
product was transported to the Mayo Clinic Infusion 
Therapy Center approximately 48 hr after leukapher- 
esis and infused in the outpatient setting. 

Treatment and Assessment 

APC8015 was administered intravenously to eligible 
patients twice, in week 0 and week 2. The cells were 
infused through a large bore intravenous line over 
30 min. Patients were then observed for acute adverse 
effects for 30 additional minutes before discharge. Sub- 
sequently they received three subcutaneous injections 
of 1 .0 mg of PA2024 (0.5 mg into each thigh) at weeks 4, 
8, and 12. 

We monitored patients' physical condition, immune 
response, and laboratory parameters (including PSA 
and PAP) every 4 weeks through week 16, and every 
8 weeks thereafter until disease progression. Tumor 
burden was evaluated radiographically at baseline, 
week 16, week 32, and week 48. Progression was de- 
fined as objective enlargement of soft tissue disease 
or the appearance of two or more new lesions on a 
radionuclide bone scan. For patients undergoing APC 
immunotherapy, the correlation of PSA levels and 
clinical outcome is unknown. Hence, we did not re- 
move from the trial the patients who experienced an 
increase in PSA in the absence of clinically or radio- 
graphically confirmed disease progression. Nonethe- 
less, such patients were free to request removal from 
the study to initiate other treatments. Adverse events 
were evaluated for the relationship to treatment with 
APC8015 and PA2024 and scored according to National 
Cancer Institute Common Toxicity Criteria (NCI-CTC). 

Assessment of Immune Function 

To assess immune response to treatment, blood 
was drawn from patients every 4 weeks from week 0 
(baseline) through week 16, then every 8 weeks there- 
after until disease progression. Peripheral blood 
mononucelar cells (PBMCs) were isolated from hepar- 
inized blood by buoyant density centrifugation at 
1.077 g/ml and 320 mosM. Isolated PBMCs were 
washed twice with D-PBS (Life Technologies) and 
suspended in AIM-V (Life Technologies) containing 



5.0% human AB serum (Gemini Bioproducts, Calabas, 
CA) for immediate use or freezing. 

Proliferation assays were completed in triplicate 
96-well, round-bottom plates (Dynex Technologies, 
Chantilly, VA) using 1.0 x 10 5 PBMCs/well. Cell 
proliferation was evaluated in response to PA2024, 
PAP (Biodesign International, Kennebunk, ME), and 
GM-CSF (Leukine, Immunex, Seattle, WA). Each 
molecule was introduced to cells at 0.4, 2.0, 10, or 

50 ug/ml and incubated for 6 days at 37°C and 5% C0 2 . 
Control wells contained no antigen. For the last 16 hr 
of incubation, each well was treated with 1.0 uCi of 
3 H-thymidine (Amersham, Piscataway, NJ). The cells 
were harvested and incorporated radioactivity was 
measured by a Wallac-LKB Betaplate counter and 
expressed in counts per minute (cpm). Data are pre- 
sented as stimulation indices (SI) calculated by divid- 
ing the mean radioactivity (of triplicate wells) of 
stimulated cells by the mean radioactivity measured 
in control wells. 

Titers of serum antibodies specific for PA2024, PAP, 
and GM-CSF were determined from data obtained by 
ELISA. Each antigen was immobilized overnight at 4°C 
in triplicate 96-well plates at 1.0 ug/ml in 100 ul of 
D-PBS. Plates were washed with PBST and serially 
diluted serum was added to each well. Pooled human 
serum was used as the negative control, and sera with 
high titers of respective antibodies were used as 
positive controls. The plates were incubated for 1 hr 
at room temperature and washed with PBST. Antigen- 
specific antibodies were exposed to horseradish per- 
oxidase-conjugated goat anti-human IgG/IgM and 
quantified by the extent of o-phenylenediamine dihy- 
drochloride converted into the product absorbing at 
492 nm in the course of 12 min. Antibody titer was 
defined as the highest serum dilution that yielded the 
492 nm reading twice above the negative control. 

Statistics 

This Phase 2 study was designed to obtain pre- 
liminary evidence of clinical benefit in the treatment of 
metastatic, androgen-independent prostate carcinoma. 
Time to tumor progression was summarized by the 
Kaplan-Meier method. Clinical response rate equal or 
above 15% was considered adequate to justify further 
studies of efficacy. Nineteen subjects were needed to 
achieve this target. If none of the 19 subjects responded 
to treatment, the probability that the true response rate 
is equal to or larger than 15% was P < 0.05. 

To compare treatment-induced changes in cellular 
immunity, by maximum likelihood method [19], we 
fitted a linear mixed model to the natural logarithms of 

51 values. We analyzed these values for PBMC samples 
stimulated with PA2024 (10 ug/ml) at weeks 4, 8, 12, 
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and 16 as only fragmentary data at other time points 
were available. 

RESULTS 
Patients 

Table I displays the demographics and baseline 
characteristics of the 21 patients on the study. Each 
received both infusions of the maximum number of 
cells manufactured from the respective leukapheresis 
product. The median number of cells was 2.7 x 10 9 for 
the first infusion and 3.2 x 10 9 for the second infusion. 
The disease progressed before the first PA2024 injection 
at week 4 for two patients, after the first injection for 
one patient, and after the second injection at week 8 for 
three patients. The remaining 15 patients received all 
three PA2024 injections and remained on study until at 
least week 16. 

Response toTreatment 

Nineteen patients received both infusions of 
APC8015 and at least one injection of PA2024; thus, 
they could be evaluated for response to treatment. For 
these patients the median time to progression was 
118 days from the date of registration. In the course of 
treatment, two patients exhibited a 25-50% transient 
decrease in PSA, one during tumor progression and the 
other following the second APC8015 infusion (data not 
shown). For a third patient, the level of PSA rose from 
221 ng/ml at baseline to 251 ng/ml by week 4 and then 
dropped to undetectable levels by week 24 (Fig. la). 



The changes in serum levels of PAP closely followed 
the changes of PSA and dropped to normal levels below 
detection (data not shown). His PSA level has remained 
undetectable for 52 months after the beginning of 
treatment and the metastatic adenopathy has resolved 
(Fig. lb). No other patients responded by radiographic 
criteria. PSA levels in all but four patients increased 
more than 50% over baseline or nadir values at the time 
of radiographic progression. 

Treatment-Related Toxicity 

Overall, treatment was tolerated reasonably well 
(Table II). The most frequent adverse events after 
APC8015 infusion were NCI-CTC Grade 1-2 chills 
and fatigue. Four of the 21 patients reported severe 
(Grade 3-4) adverse events. These included one epi- 
sode each of chills, fatigue, fever, malaise, tachycardia, 
dyspnea, and vomiting after infusion of APC8015. Five 
patients exhibited Grade 1-2 local reaction following 
subcutaneous injections of PA2024. One patient ex- 
perienced a Grade 3 infection, hematuria, and Grade 4 
fatigue 2 weeks after the last PA2024 injection, at a time 
when disease was progressing. 

Immune Response 

We evaluated antigen-specific cellular immunity 
in response to treatment with APC8015 and soluble 
PA2024 for 15 patients every 4 weeks from week 0 
(baseline) to week 16 and then every 8 weeks thereafter 
until disease progression. Response to PA2024 was 



TABLE 1. Patient Demographics and Baseline Characteristics 


Number of patients enrolled 


21 


Age, years [median (range)] 


72 (57-83) 


Prostate-specific antigen (PSA), ng/ml [median (range)] 


221 (21-1,147) 


Prostatic acid phosphatase (PAP), ng/ml [median (range)] 


9.2 (0.8-291) 


Hemoglobin, g/dl [median (range)] 


12.7 (10.5-15.2) 


Primary therapy 




Surgery 




Surgery /hormone ablation 


4 


Radiation 


3 


Radiation /hormone ablation 


1 


Hormones 


4 


Site of metastases 




Osseous 


13 


Soft tissue 


6 


Both 


2 


Gleason score (n = 19) 




<6 


3 


7 


8 


>8 


8 



a Values denote the number of patients in each group. 
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significant at week 4 (P < 0.0001) and persisted for the 
duration of monitoring (Fig. 2). In the patient with 
responsive disease, PA2024-specihc PBMC prolifera- 
tion was evaluated until week 138; his PBMCs 



a 




0 4 5 12 16 32 72 M 86 96 120 



Time (Weeks) 



proliferated upon stimulation with PA2024 until 
week 96 (Fig. lc). PAP and GM-CSF stimulated PBMC 
proliferation only marginally (data not shown). The 
extent of stimulation differed among patients and was 
not significant overall. 

We measured serum levels of antibodies specific 
for PA2024, PAP, and GM-CSF. After all treatments, 
with APC8015 and PA2024, 13 of 15 patients developed 
antibodies specific for PA2024 with the highest titers 
measured between week 4 and week 8 (Table III). We 
also detected antibodies specific for GM-CSF, but not 
for PAP (Table III). In the patient whose disease fully 
responded, levels of antibodies specific for PA2024 
peaked at week 12 and steadily declined thereafter 
(Fig. lc). 

DISCUSSION 

The median survival time of patients suffering from 
metastatic androgen-independent prostate cancer is 
only 12-18 months. Thus, providing an effective 
treatment for this disease remains a major challenge. 
Chemotherapy can palliate symptoms and signifi- 
cantly reduce PSA levels, but in many patients the 
response is brief and side effects can be troublesome 
[6,20]. Numerous current clinical trials are investigat- 
ing novel treatments as an alternative to cytotoxic 
chemotherapy [13]. One promising new avenue is 
immunotherapy. 

In this Phase 2 trial, we evaluated infusions of 
APC8015 (autologous APCs incubated in the presence 
of PA2024, recombinant PAP-GM-CSF) followed by 
injections of soluble PA2024 for the treatment of 
patients suffering from metastatic androgen-indepen- 
dent prostate cancer. PSA is often used as a surrogate 
marker of response in androgen-independent prostate 
cancer [21]. In addition to PSA, we followed disease 
progression by radiography because the utility of PSA 
as a marker in the patients treated by immunotherapy is 
unknown. Therefore, we tested the utility of PSA as an 
endpoint in immunotherapy with APC8015 by com- 
paring disease progression based on PSA levels with 
such evaluation based on radiography. In four patients, 



Fig. I. Treatment-induced dinical and immune effects in the patient 
9702-22 who underwent a complete clinical response, a: Change in 
serum levels of prostate-specific antigen (PSA) as a function of time 
before and after treatment with APC80I5 (full-line arrows) and 
PA2024 (dashed line arrows), b: Left, computerized tomography 
scans obtained before treatment and, right, 22 months after initia- 
tion of treatment. Arrows indicate the sites of retroperitoneal lymph 
nodes (upper panels) and pelvic lymph nodes (lower panels), 
c: Titer (reciprocal dilution) of PA2024 -specific antibodies (columns, 
left axis) and PA2024 -stimulated PBMC proliferation (stimulation 
index circles; right axis) as a function of treatment. 
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TABLE II. Treatment-Related Adverse Effects (NCI CommonToxicity Criteria) in Patients on Study 



After APC8015 infusions (42 total infusions) 
Grade 4: dyspnea, 1; vomit, 1 

Grade 3: tachycardia, 1; chills, 1; malaise, 1; fatigue, 1; fever, 1 
Grade 2: hypertension, 1; fever, 1; chills, 1; dyspnea, 1 
Grade 1: fatigue, 4; fever, 7; chills, 15; pain, 2; dausea, 2; 
malaise, 1; dyspnea, 1; vomit, 1; diarrhea, 1 



After PA2024 injections (52 total injections) 

Grade 4: fatigue, 1 
Grade 3: infection, 1; hematuria, 1 
Grade 2: local, 3; anorexia, 2; fatigue, 1; fever, 1 
Grade 1: local, 10; anorexia, 4; diarrhea, 3; fever, 3; fatigue, 2; 
chills, 2; nausea, 2; malaise, 1 



PSA levels were less than 50% above the baseline or 
nadir values at the time of disease progression. 
Similarly to our observation in the Phase 1 trial, one 
patient exhibited a PSA decline of nearly 50% during 
disease progression [12]. These findings suggest that 
PSA alone must be used cautiously as a marker of 
disease response to immunotherapy. 

Treatment with APC8015 and PA2024 induced 
PA2024-specific immune effector cells (quantified by 
the extent of PA2024-stimulated in vitro proliferation). 
These cells were present during the entire 16 weeks of 
sampling. In one patient who responded to treatment, 
PA2024-specihc cells were detected as long as 
22 months from the initiation of treatment. We did 
not detect any PAP-specific immune effector cells. This 



Baseline 4 8 12 16 

Time after treatment (Weeks) 

Fig. 2. Time dependence of treatment-induced cellular response 
against PA2024 in patients treated with APC80I5 and PA2024. Each 
box represents the range from the 25th to the 75th percentile value 
of the stimulation index (SI), the error bars the range of values, the 
plus sign the mean value and the horizontal line in the box the median 
value. The difference between values observed at week 4 and base- 
line is significant (P < 0.000I). 



could result if PA2024 is more immunogenic than 
PAP and competes successfully for the pertinent T cell 
clones. Alternatively, purified natural PAP used in 
these assays could have retained some immunosup- 
pressive molecules from the semen [22,23] that would 
reduce in vitro proliferation. Currently we are attempt- 
ing to discriminate between these alternatives by 
comparing the ability of PA2024, PAP from seminal 
fluid and recombinant PAP to stimulate PBMC 
Similarly, we detected antibodies specific for PA2024 
and GM-CSF but not for PAP. This may stem from the 
specificity of the antibodies for the carbohydrate 
moieties for PA2024 rather than for its protein core. 
Glycosylation of the baculovirus-expressed PA2024 
may differ from glycosylation of human PAP rendering 
the antibodies raised against PA2024 unreactive 
towards PAP. 

In previous studies, we found that APC8015 was safe 
and that it effectively stimulated cellular immunity 
[11,12]. In this study, we confirmed that APC8015 and 
PA2024 were generally well tolerated and that adverse 
effects were manageable. This is particularly important 
in comparison to cytotoxic chemotherapy regimens 
where adverse effects can be more severe, and where 
dose reductions and dose interruptions are common 
[6,20]. Along with manageable adverse effects, we 
observed a definite clinical response. While in one 
patient PSA levels dropped during disease progres- 
sion, in another the decline in PSA levels coincided with 
stable disease. Particularly significant has been the 
patient whose PSA initially increased and then became 
undetectable, while his retroperitoneal and pelvic 
adenopathy completely resolved. This response has 
continued well beyond 4 years after completion of 
treatment. Our evidence that this mode of treatment is 
clinically active and accompanied by manageable 
adverse effects complements the evidence obtained at 
the University of California, San Francisco in a study of 
APC8015 alone [11]. A comparison of the two studies 
indicates that the addition of subcutaneous PA2024 
injections does not confer apparent immunologic or 
clinical benefits over and beyond APC8015 alone [12]. 
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TABLE III. Antibody Titers in Patient Sera Before (Week 0) and 
AfterTreatment (Week 16) 



Number of evaluable Antibody titer, mean Antibody titer, 



Antigen 


patients 


(standard deviation) 


median (range) 


WeekO 








PAP 


15 


1.3 (3.51) 


0 (0-10) 


PA2024 


15 


1,370 (5,290) 


0 (0-20,480) a 


GM-CSF 


15 


2.0 (5.6) 


0 (0-20) 


Week 16 








PAP 


10 


2.0 (4.2) 


0 (0-10) 


PA2024 


10 


12,810 (8,610) 


16,640 (2,560-20,480) 


GM-CSF 


10 


4,790 (8,310) 


1,280 (0-20,480) 



a These values stem from the one patient who displayed PA2024-reactive antibodies before 
treatment. In all other patients titers were 10 or less. 



Consequently, we are currently conducting a multi- 
center, randomized Phase 3 trial of APC8015 alone for 
the treatment of patients with asymptomatic, radio- 
graphically evaluable, androgen-independent prostate 
carcinoma. 
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Q Adjuvant autologous renal tumour cell vaccine and risk of tumour 
progression in patients with renal-cell carcinoma after radical 
nephrectomy: phase III, randomised controlled trial 

Dieter Jocham, Axel Richter, Lothar Hoffmann, Klaus Iwig, Dirk Fahlenkamp, Gunther Zakrzewski, Eberhard Schmitt, 
Thomas Dannenberg, Waiter Lehmacher, Jorn von Wietersheim, Christian Doehn 



Summary 

Background Organ-confined renal-cell carcinoma is associated 
with tumour progression in up to 50% of patients after radical 
nephrectomy. At present, no effective adjuvant treatment is 
established. We aimed to investigate the effect of an 
autologous renal tumour cell vaccine on risk of tumour 
progression in patients with stage pT2-3b pNO-3 MO renal-cell 
carcinoma. 

Methods Between January, 1997, and September, 1998, 
558 patients with a renal tumour scheduled for radical 
nephrectomy were enrolled at 55 institutions in Germany. 
Before surgery, all patients were centrally randomised to 
receive autologous renal tumour cell vaccine (six intradermal 
applications at 4-week intervals postoperatively; vaccine group) 
or no adjuvant treatment (control group). The primary endpoint 
of the trial was to reduce the risk of tumour progression, 
defined as progression or death. All patients were assessed 
after standardised diagnostic investigations at 6-month 
intervals for a minimum of 4-5 years. 

Findings By preoperative and postoperative inclusion criteria, 
379 patients were assessable for the intentiorvto-treat analysis. 
At 5-year and 70-month follow-up, the hazard ratios for tumour 
progression were 1-58 (95% CI 1-05-2-37) and 1-59 
(1-07-2-36), respectively, in favour of the vaccine group 
(p=0-0204, log-rank test). 5-year and 70-month progression-free 
survival rates were 77-4% and 72%, respectively, in the vaccine 
group and 67-8% and 59-3%, respectively, in the control group. 
The vaccine was well tolerated, with only 12 adverse events 
associated with the treatment. 

Interpretation Adjuvant treatment with autologous renal tumour 
cell vaccine in patients with renal-cell carcinoma after radical . 
nephrectomy seems to be beneficial and can be considered in 
patients undergoing radical nephrectomy due to organ-confined 
renal-cell carcinoma of more than 2-5 cm in diameter. 
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Introduction 

Of all malignant tumours in adults, 3% develop in the 
kidney; in 85% of these cases, the tumour originates from 
cells of the proximal tubules and is known as renal-cell 
carcinoma. 1 This disease mainly arises in the 6th and 7th 
decades of life, with a male to female ratio of 1 -6 to 10. 2 In 
2003, a total of 31 500 new cases of renal-cell carcinoma 
and renal pelvis cancer and 1 1 900 deaths from the disease 
were expected in the USA. 2 Standard treatment of organ- 
confined renal-cell carcinoma is partial or radical 
nephrectomy, whereas patients with distant metastasis are 
usually treated with non-specific immunotherapy. 

According to data from the Surveillance, Epidemiology, 
and End Results Registry (http://www.seer.cancer.gov), 
renal-cell carcinoma is localised in 54%, regionally 
advanced in 21%, and distant in 25% of patients; 
corresponding 5-year survival rates are 89%, 61%, and 9%, 
respectively. This disease is also staged by the International 
Union against Cancer (UICC) tumour-node-metastasis 
classification. 3 15 years ago, 5-year survival rates after 
radical nephrectomy varied between 57% and 92% for T2 
tumours and between 35% and 77% for T3 tumours.^ 8 In 
2002, a risk-group assessment was published that used 
tumour stage, tumour grade, and performance status to 
predict tumour progression and survival. 9 On the basis of 
this model, patients with low-grade Tl tumours and a good 
performance status have a high probability (91%) of 
remaining without tumour progression, whereas all patients 
with T2 or T3 tumours have an intermediate risk (64%). 

Despite the important stage-related risk of tumour 
progression, until now no effective adjuvant treatment after 
surgery has been established. 10 Various adjuvant protocols — 
including radiotherapy, interferon alfa, interleukin 2, 
medroxyprogesterone acetate, and others — failed to 
improve progression-free survival, overall survival, or both 
after nephrectomy for renal-cell carcinoma. 11-1 5 Therefore, 
active treatment (medical, operative, or radiotherapy) after 
surgery is only applied in case of local relapse or systemic 
progression. 10 

In a pilot study, Repmann and colleagues 16 * 17 investigated 
adjuvant treatment with an autologous renal tumour cell 
vaccine after radical nephrectomy for renal-cell carcinoma 
and showed a progression-free and overall survival benefit 
for the vaccine group compared with a historical control 
group. In 1997, we initiated a phase III randomised trial to 
investigate the effect of an adjuvant autologous renal 
tumour cell vaccine on risk of tumour progression in 
patients with renal-cell carcinoma after radical nephrectomy 
and to assess safety with respect to its side-effects. 

Methods 

Patients 

Between January, 1997, and September, 1998, we enrolled 
patients from 55 institutions in Germany with a renal 
tumour who were scheduled for radical nephrectomy. The 
ethics committee of the University of Lubeck Medical 
School and local ethics committees of the participating 
institutions approved the protocol. The trial was undertaken 
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according to International Conference on Harmonisation 
Good Clinical Practice guidelines. 

Before surgery, all patients were centrally randomised 
(Quintiles GmbH, Neu-Isenburg, Germany) to receive 
autologous renal rumour cell vaccine (vaccine group) or no 
adjuvant therapy (control group) after radical nephrectomy. 
No placebo was given to individuals in the control group. 
Some days after surgery, Quintiles informed the hospital 
and patient about the randomisation result via fax. 
Therefore, neither the surgeon and hospital staff nor the 
patient knew about the randomisation results before 
surgery. Within 2 weeks after surgery, we checked all 
patients for inclusion and exclusion criteria, and we finally 
included only those with histologically proven renal-cell 
carcinoma stage pT2-3b pNO-3 MO. 

Postoperative inclusion criteria were: primary renal-cell 
carcinoma stage pT2-3b pNO-3 MO (1993 UICC 
classification) treated by radical nephrectomy; age 
18-70 years; Eastern Cooperative Oncology Group 
(ECOG) performance status 0-2; ability to cooperate; and 
provision of written informed consent. Exclusion criteria 
were: no histologically proven renal-cell carcinoma; 
primary renal-cell carcinoma stage pTl or pT4 or Ml 
(1993 UICC classification); surgery other than radical 
nephrectomy; relapse of renal-cell carcinoma; embolisation 
or other treatment for renal-cell carcinoma (eg, immuno- 
therapy, chemotherapy, radiotherapy); immunosuppres- 
sive treatment; ECOG performance status 3-4; serious 
chronic or acute illness such as serious pulmonary or 
cardiac disease; severe hypertension (diastolic blood 
pressure ^115 mm Hg); myocardial infarction in the past 
3 months; cerebral infarction in the past 6 months; 
autoimmune disease (eg, inflammatory bowel disease); 
previous cancer except basal-cell carcinoma; active or 
chronic infection (eg, HIV, hepatitis); pregnancy or 
lactation; no contraception in women of child-bearing 
potential; participation in a clinical trial over the past 
30 days; simultaneous participation in another clinical 
trial; or lack of cooperation. 

Procedures 

Patients undergoing radical nephrectomy had an ipsilateral 
regional lymphadenectomy. We obtained a specimen (10 g) 
from the peripheral zone of the tumour under sterile 
conditions, placed this sample in tissue-culture medium, 
and immediately transported it to the laboratory of 
LipoNova (Hannover, Germany) by courier. 18 

Workers at LipoNova prepared the vaccine as described 
previously. 16 " 18 Briefly, tumour tissue was cut into small 
pieces and passed through a steel sieve to obtain a cell 
suspension. Cell debris was removed from this suspension 
by centrifugation with a density gradient. The separated 
cells were suspended, and characterisation of cells and cell 
viability was done by established staining methods. Cells 
were incubated in RPMI 1640 for 3 h at 37°C with 
interferon y 1500 IE per vaccine dose (Imukin; Boehringer, 
Ingelheim, Germany) and tocopherol acetate 750 p,g per 
vaccine dose (E-Vicotrat; Heyl, Berlin, Germany). Some 
workers have shown that incubation of renal carcinoma cells 
with interferon leads to increased expression not only of 
MHC class I and II but also of ICAM1 (intercellular 
adhesion molecule 1), TAPl (transporter associated with 
antigen processing), and LMP2 (low molecular weight 
peptide), thus increasing the antigenicity of these cells. 19 " 25 
Tocopherol acetate was added as a lipid-soluble radical- 
scavenging agent to protect inner and outer cell membranes 
during the incubation process with interferon y. 26 

After incubation, cells were washed several times to 
remove interferon y and tocopherol acetate. They were then 



suspended in physiological saline containing 0-5% glucose. 
1 mL aliquots containing about 5X 1 0 6 renal-tumour cells of 
the lysate were stored. To devitalise the cells, repeated rapid 
freezing at -82°C without a cryoprotector and thawing was 
done. Testing of the devitalisation process was by standard 
staining procedures. Sterility tests were undertaken by 
culturing the probes: corifirmed sterility of the final product 
was a release criterion. No antibiotics were present in the 
media. Until shipping the vaccine was stored at -82°C and 
then was shipped on dry ice and stored until use at -18°C. 
The entire production process was done according to good 
manufacturing practice. 

We injected six intradermal applications of the vaccine 
into the patient's upper arm at 4- week intervals. The 
vaccine was given in the outpatient department of the 
hospital or by the urologist in private practice. 

The primary endpoint of the trial was to reduce the risk of 
tumour progression, defined as progression — which we 
measured by local recurrence or distant metastasis 
confirmed by physical examination, imaging, or both — or 
death. Secondary outcome measures were the effect of the 
vaccine on quality of life; effect of the vaccine production 
process (total number of cells, percentage of tumour cells) 
and the number of vaccine doses on patients' outcome and 
tolerability of autologous renal tumour cell vaccine; and rate 
of adverse events. 

We assessed adverse events with WHO criteria. Adverse 
events in patients given the vaccine were recorded by their 
doctor and noted in a standardised way according to the 
WHO classification: mild (grade I), moderate (grade II), 
and severe (grade III). We investigated quality of life with 
the QLQ-C30 questionnaire of EORTC (European 
Organisation for Research and Treatment of Cancer) 27 and 
the Lebenszufriedenheit questionnaire (modification of the 
Munich Quality of Life Dimension List). We gave the 
questionnaires to patients before surgery and at 6, 24, 36, 
48, and 60 months thereafter. 

We saw patients every 6 months for physical examination, 
blood chemistry, ultrasound, chest radiography, and 
abdominal CT or MRI. Monitoring of the trial was 
undertaken by local monitors and contract research 
organisations (Quintiles GmbH, Neu-Isenburg, Germany; 
Medicore International, Schondorf, Germany; Pharmcon, 
Essen, Germany). We followed up all patients for a 
minimum of 4-5 years. Total observation period was 
71 months in the vaccine group and 72 months in the 
control group. 

Statistical analysis 

We calculated sample size according to the results of a pilot 
trial'*'" that showed a hazard ratio of 21 in favour of the 
vaccine group. According to the protocol, at least 
328 patients had to be randomised, including a dropout rate 
of 20% (two-sided a of 0 05 and power of 0-9). 

Data analysis was done by one of us (WL) with Medicore 
International and DSH statistical reviews (Rohrbach, 
Germany). We analysed demographic data with Fisher's 
exact test, Cochran-Mantel-Haenszel test, Wilcoxon test for 
rank-sums, and Kolmogorov-Smirnov test (for comparison 
of the histograms of tumour-size distribution). We 
calculated Storkel score, which predicts survival of patients 
with renal-cell carcinoma and takes into account different 
variables like T stage, grading, patient's age, cell type, and 
growth pattern. 8 For analysis of the primary endpoint, we 
used a stratified log-rank test, with T stage as a stratification 
criterion. Also, we calculated the absolute and relative risk 
reduction of progression-free survival rates at 60 and 
70 months and the number needed to treat. We applied a 
Cox proportional-hazards model to assess the effect of 
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Figure 1: Trial profile 



different variables on progression-free survival. Results of 
the quality of life analysis are given as means and SDs, with 
0 being the worst and 100 being the best result. We tested 
differences between both groups with the Mann-Whitney 
U test. We analysed all data obtained up to February, 2003. 

Role of the funding source 

The sponsor of the study — LipoNova (Hannover, 
Germany) — was involved in development of .the study 
design. Data collection, statistical analysis, and data 
interpretation were done by external experts. The authors 
wrote the report. 

Results 

Of 558 patients who were randomly allocated, five withdrew 
their written informed consent before surgery; no further 
data are available on these patients. The remaining 
553 patients (276 in the vaccine group and 277 in the 
control group) are regarded as the safety population 
(figure 1). Of these patients, 174 were withdrawn because 
they did not fulfil postoperative inclusion criteria such as 
histologically proven renal-cell carcinoma, correct tumour 
stage, or ability to prepare a vaccine (figure 1). Thus, 
the intention-to-treat population consisted of 379 patients. 
Of these, 36 were withdrawn due to protocol violation. 
Therefore, the per-protocol population consisted of 
343 patients. Both groups were comparable for variables 
such as sex, age, ECOG performance status, tumour 
diameter and location, T stage, lymph-node status 
(N stage), cell type, and Storkel score (table l). fl Here, we 
only give the results for the intention-to- treat population; 
however, those for the per-protocol population are closely 
similar. 

At 5-year follow-up, the intention-to-treat population had 
hazard rates for the primary endpoint of 0-26 in the vaccine 
group and 0-39 in the control group, resulting in a hazard 
ratio of 1-58 (95% CI 1-05-2-37) in favour of the vaccine 



group (p=0 0204, log-rank test). At 70-month follow-up, 
hazard rates were 0-33 in the vaccine group and 0-52 in 
the control group, resulting in a hazard ratio of 1-59 
(1-07-2-36) in favour of the vaccine group (p=0 0204). In 
terms of progression-free survival, an absolute reduction of 
12-7% and a relative reduction of 32-6% could be achieved, 
corresponding to a number of patients needed to treat of 
eight. 

5-year progression-free survival rate for patients at all 
tumour stages was 77-4% in the vaccine group and 67-8% 
in the control group (p =0-0204), and 70-month 
progression-free survival rates were 72% in the vaccine 
group and 59-3% in the control group (figure 2). Median 
time to tumour progression was not reached in either 
group. The time until 25% of patients had progressed was 
63-2 months (95% CI 44-9 to not reached) for patients in 
the vaccine group versus 42-1 months (27-3-58-9) for those 
in the control group (figure 2). 

For patients with T2 tumours, 5 -year progression-free 
survival rates were 81-3% in the vaccine group and 
74-6% in the control group (p=0-216, log-rank test), 
and 70-month progression-free survival rates were 75-9% 
and 64-2%, respectively (figure 3). Median time to tumour 
progression was not reached in either group. The time until 
25% of patients had progressed was not reached in the 
vaccine group compared with 58-9 months (95% CI 4-3 to 
not reached) for those in the control group (figure 3). 





Total 


Vaccine 


Control 




(n=379) 


group 


group 






(n=177) 


(n=202) 


Men 


246 (65%) 


113 (64%) 


133 (66%) 


Patient age 


59 (53-64) 


58 (53-64) 


59 (53-64) 


(median [IQR], years) 








ECOG status 








0 


321 (85%) 


151 (85%) 


170 (84%) 


1 


49 (13%) 


23 (13%) 


26 (13%) 


2 


7 (2%) 


3(2%) 


4 (2%) 


Unknown 


2 (<1%) 


0 


2(1%) 


Tumour diameter and location 






Size (median [IQR], cm) 


5-5 (4-5-7-7 


6 (4-5-8-0) 


5-5 (4-5-7 0) 


Right-sided tumours 


191 (50%) 


87 (49%) 


104 (51%) 


Left-sided tumours 


182 (48%) 


88 (50%) 


94 (47%) 


Bilateral tumours 


1 (<1%) 


0 


1 (<1%) 


Tumour stage (1993 classification) 






PT2 


264 (70%) 


119 (67%) 


145 (72%) 


pT3 


115 (30%) 


58 (33%) 


57 (28%) 


Tumour stage (2003 classification) 






pTla 


49 (13%) 


18 (10%) 


31 (15%) 


pTlb 


169 (45%) 


84 (47%) 


85 (42%) 


T2 


46 (12%) 


17 (10%) 


29 (14%) 


T3 


115 (30%) 


58 (33%) 


57 (28%) 


Lymph-node status 








NO 


363 (96%) 


169 (95%) 


194 (96%) 


Nl 


4(1%) 


3(2%) 


1 (<1%) 


N2 


7(2%) 


3(2%) 


4(2%) 


Nx 


5(1%) 


2 (1%) 


3(1%) 


Cell type 








Clear cell renal-cell 


272 (72%) 


134 (76%) 


138 (68%) 


carcinoma 








Chromophobe renal-cell 


49 (13%) 


18 (10%) 


31 (15%) 


carcinoma 








Chromophil renal-celi 


44 (12%) 


17 (10%) 


27 (13%) 


carcinoma 








Other renal-cell carcinoma 


14 (3%) 


8(4%) 


6(2%) 


Storkel score 








Good prognosis 


176 (46%) 


72 (41%) 


104 (51%) 


intermediate prognosis 


194 (51%) 


102 (58%) 


92 (45%) 


Poor prognosis 


8 (2%) 


3(2%) 


5(2%) 


Unknown 


1 (<1%) 


0 


1 (<1%) 



Data are number of patients (%) unless otherwise indicated. 



Table 1: Characteristics of 379 eligible patients (Intention to treat) 
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Figure 2: Progression-free survival for all eligible patients 
(intention-to-treat population) 

5-year progression-free survival rates for patients with T3 
tumours were 67-5% in the vaccine group and 49-7% in the 
control group (p=0039, log-rank test); 70-month 
progression-free survival rates were 66-2% and 46- 9%, 
respectively (figure 4). Median time to tumour progression 
was 51 -5 months in the control group but was not reached 
in the vaccine group. The time until 25% of patients had 
progressed was 47-8 months (95% CI 21-8 to not reached) 
for those in the vaccine group compared with 13-5 months 
(95% CI 7-3-34-6) for those in the control group (figure 4). 

11 patients had positive lymph nodes. Of six in the 
vaccine group, four had tumour progression. Of five 
individuals in the control group, two had tumour 
progression and one patient died. Progression-free survival 
rates were not calculated for these patients. 

The effect of various covariates — vaccine, tumour stage, 
tumour size, tumour grade, Storkel score, tumour growth 
pattern, cell type, age, and sex — on progression-free survival 
was tested with the Cox proportional-hazards model. 
Table 2 shows the results of the univariate analysis. Because 
of high intercorrelation between the covariates tumour size, 
tumour grade, and Storkel score, multivariate analysis 
including all variables was not meaningful. Therefore, for 
two of these variables (Storkel score and tumour size), a 
multivariate analysis was done including treatment, sex, and 
age. Men were at higher risk than women, as were older 
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Figure 3: Progression-free survival for eligible patients with 
T2 tumours (intention-to-treat population) 
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Figure 4: Progression-free survival for eligible patients with 
T3 tumours (intention-to-treat population) 

patients (table 2). No significant effect was noted of the 
total number of cells, percentage of tumour cells, and 
number of vaccine doses on patients' outcome. 

In the intention-to-treat population, 177 patients received 
a total of 1053 vaccine doses. 12 vaccine-related adverse 
events of mild to moderate severity were noted in two 
patients (table 3). The higher number of adverse events and 
serious adverse events in the control group can be 
accounted for by the higher number of patients with tumour 
progression in this group (table 3). Clinically relevant 
abnormalities in blood chemistry variables or vital signs 
were not recorded. 

Global health status and quality of life (questions 29 
and 30 of the QLQ-C30 questionnaire) results were 
closely similar between the vaccine and control groups 
before nephrectomy (mean 62-5 [SD 24 0] vs 58-8 
[24-7], p=0-2278), at 6 months (69-7 [21-8] vs 69-7 
[20-8], p=10), 24 months (73-1 [17-9] vs 73-4 [18-4], 
p=0-8857), 36 months (73 [18-2] vs 75-8 [13-9]), and 
48 months (671 [27-6] vs 71-2 [19-5], p=0-5108) after 
nephrectomy. Detailed quatity-of-life findings will be 
reported separately. 

Discussion 

We have shown that adjuvant treatment with an autologous 
renal tumour cell vaccine after radical nephrectomy reduces 
the risk of tumour progression compared with surgery alone 
in patients with renal-cell carcinoma. 

Hazard ratio p 
(95% CI) 



Univariate analysis 

Treatment with vaccine (yes vs no) 

Tumour stage (T2 vs T3) 

Tumour size (1-cm steps) 

Tumour grade (Gl vs G2 vs G3) 

Storkel score (good vs intermediate vs poor) 

Age (1-year steps) 

Sex (mate vs female) 



1-509 
2 164 

1- 186 

2- 134 
2-529 
1-043 
0-631 



(1-02-2-24) 
(1-47-318) 
(1-11-1-26) 
(1-53-2-98) 
(1-72-3-73) 
(1-02-1-07) 
(0-41-0-97) 



0-0407 
<0-0001 
<0-0001 
<0-0001 
<0-0001 
0-0016 
0-0351 



Multivariate analysis (Storkel score) 

Storkel score (good vs intermediate vs poor) 2-510 (1-72-3-66) <0-0001 

Treatment with vaccine (yes vs no) 1-647 (1-11-2-45) 0-0138 

Age (1-year steps) 1-036 (1-01-1 -06) 0-0089 

Sex (male vs female) 0-592 (0-39-0-91) 0-0165 

Multivariate analysis (tumour size) 

Tumour size (1-cm steps) 
Treatment with vaccine (yes vs no) 
Age (1-year steps) 
Sex (male vs female) 



1-200 (1 13-1-28) <0-0001 
1-571 (1-06-2-33) 0-0253 
1-041 (1-01-1-07) 0-0028 
0-564 (0-37-0-87) 0-091 



Table 2: Cox proportional-hazards models 
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Total (n=553) 


Vaccine group (n=276) 


Control group (n=277) 


Number of patients with adverse events {%) 


233 (42%) 


108 (39%) 


125 (45%) 


Number of patients with drug-related adverse events {%) 


2 (<1%) 


2 (1%) 


0 


Number of patients with serious adverse events (%) 


154 (28%) • 


64 (23%) 


90 (32%) 




462 


215 


247 




12 


12 


0 


Number of serious adverse events 


264 


106 


158 


Adverse events by frequency 








Progression, surgical intervention 


106 (19%) 


45 (16%) 


61 (22%) 


General disorders 


59 (11%) 


33 (12%) 


26 (9%) 


Neoplasm 


44 (8%) 


13 (5%) 


31 (11%) 


Urinary-system disorders 


28 (5%) 


15 (5%) 


13 (5%) 


Gastrointestinal-system disorders 


21 (4%) 


10 (4%) 


11 (4%) 


Cardiovascular disorders 


14 (3%) 


5(2%) 


9(3%) 


Metabolic and nutritional disorders 


15 (3%) 


9(3%) 


6(2%) 


Musculoskeletal system disorders 


15 (3%) 


8(3%) 


7(3%) 



Tabie 3: Adverse events in 553 patients (safety population) 



During the past century, many vaccines were developed 
to successfully combat devastating bacterial and viral 
diseases. In recent years, different vaccine approaches 
have been developed to treat malignant tumours in 
adjuvant, second-line, or third-line settings. 28 The main 
targets are tumour-specific cell epitopes to induce a 
tumour-specific T-celi response and other pathways of the 
immune system including natural killer cells. Tumour- 
specific antigens have been reported in some tumours like 
melanoma; however, in renal-cell carcinoma only few 
antigens are as yet known. 29 

In a randomised study by Galligioni and colleagues, 30 
120 patients underwent radical nephrectomy for renal-cell 
carcinoma stage pTl-3b pNO or pN+; 60 of these received 
three adjuvant intradermal vaccinations with 1 0 7 irradiated 
tumour cells and the remaining 60 received no adjuvant 
treatment. For progression-free survival and 5-year overall 
survival no significant differences were reported between 
the groups. However, only 120 patients took part in the 
study, and the sample-size calculation was not given by 
these authors. This study cannot be compared with our 
trial since those researchers used a completely different 
vaccine with irradiated tumour cells that were also 
stimulated with BCG. Also, fewer applications of the 
vaccine were given, and there were shorter intervals 
between the applications, than in our study. 

We chose progression-free survival as the primary 
endpoint because even with surgery for metastatic disease 
and modem immunotherapy with cytokines — eg, 
interferon alfa, interleukin 2, or both — survival for most 
patients is between 12 and 18 months, and fewer than 5% 
survive longer than 5 years. Furthermore, medical 
treatment for patients with progression from renal-cell 
carcinoma has potentially severe side-effects, with 30% of 
patients not finishing this kind of treatment because of 
associated toxic effects. Also, nowadays, many patients 
with metastasis from this cancer will enter clinical trials 
with several combinations of therapeutic approaches, with 
a variable effect on individual prognosis. For these 
reasons, benefit from an adjuvant treatment delaying or 
preventing progression can be anticipated in patients with 
renal-cell carcinoma. Therefore, we did not use overall 
survival as the primary endpoint. Furthermore, our 
approach has shown only few toxic effects and no negative 
effect on quality of life versus the control group. 

In our trial, all patients were randomly allocated before 
radical nephrectomy. Therefore, many participants had to 
be excluded according to histological and postoperative 
staging results — which showed no renal-cell carcinoma at 
all, or no cancers of stage T2-T3 NO-3 M0, in 56 of 
99 patients in the vaccine group and 43 of 75 in the 
control group — and for other reasons. This trial design 



was chosen to reduce the risk of patient selection bias 
for the study with respect to postoperative information. 
All demographic data, including Storkel score, were 
comparable between both groups in the intention-to-treat 
analysis. At the time our trial was designed no test 
for monitoring the immune response was available 
in a standardised and generally accepted way. Findings 
of a few studies have suggested that delayed type 
hypersensitivity might correlate with in-vitro proliferation 
assays and clinical outcome. However, the fact that this 
response might not entirely be antigen-specific and other 
components of the vaccine may contribute to the 
response— and the fact that delayed type hypersensitivity 
response is not standardised to compare across studies — 
limits use of this test. 31 Although some researchers 
have reported a correlation between delayed type 
hypersensitivity and tumour response to vaccination in 
patients with melanoma or colon cancer, Galligioni and 
colleagues 30 could not show such correlation in patients 
with renal-cell carcinoma. Therefore, we decided not to 
use a surrogate variable for monitoring of the immune 
response in our trial. 

Patients with risk factors for tumour progression such 
as large tumour size, high tumour grade, and high Storkel 
score had an even greater benefit from adjuvant treatment 
compared with the entire trial group (data not shown). It 
is noteworthy that only 12 side-effects from the vaccine 
were recorded. Also, no differences were noted between 
both groups in terms of global health status and general 
quality of life. 

We included all patients with renal-cell carcinoma of 
stage pT2-3b pN0-3 M0, according to the 1993 UICC 
classification. Since our trial began, this classification has 
been changed twice. The most important difference is the 
extension of the upper limit for Tl tumours from 2*5 cm to 
7 cm (1997 classification). In the 2003 classification, pTl 
tumours are subdivided into pTla (<4 cm) and pTlb 
(4-7 cm). We therefore treated patients who would 
nowadays be classified as renal-cell carcinoma stage pTla 
or pTlb. 

According to our results, application of an autologous 
renal tumour cell vaccine can be considered in patients 
undergoing radical nephrectomy due to organ-confined 
renal-cell carcinoma of more than 2 -5 cm in diameter. 
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A liposomal MUC1 vaccine for 
treatment of non-small cell lung 
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results from patients with stage IIIB 
disease 

Abstract No: 7037 

Author(s): N. Murray, C Butts, A. Maksymiuk, E. Marshall, G. Goss, D. Soulieres, L- 
BLP25 Non-Small Cell Lung Cancer Study Group 

Abstract: Background: The primary analysis results from a randomized, open label 
phase lib trial utilizing L-BLP25 (BLP25 Liposome Vaccine) for the 
immunotherapy of stage IIIB and IV NSCLC patients with stable or 
responding disease following any first line chemotherapy were reported in 
April 2004. Patients were randomized 1:1 to best supportive care (BSC) or 
BSC + L-BLP25 (TX), with survival as the primary endpoint. Treatment arm 
patients received a single intravenous dose of 300mg/m 2 cyclophosphamide, 
followed by 8 weekly subcutaneous immunizations with L-BLP25. 
Maintenance immunizations are then given at 6-week intervals. At primary 
analysis, the median survival of TX patients in the pre-stratified stage IIIB 
locoregional (LR) disease subset, had not yet been reached. Methods: Updated 
survival information was obtained as part of a protocol specified follow-up 
period at two years after enrollment of the last patient. Survival was calculated 
from the date of randomization into the trial, to the date of death or last 
contact. Results: Of 171 patients enrolled, 65 had IIIB LR disease. Of these, 
35 were randomized to TX, and 30 to BSC. The IIIB LR subgroup was well 
balanced in terms of age and ethnicity. More female and ECOG 0 patients 
were randomized to TX than BSC (51.4 versus 36.7%, and 40.0 versus 26.7%), 
and more patients in the TX arm received radiotherapy in addition to . 
chemotherapy, for cancer treatment prior to trial enrollment (91.4 versus 
76.7%). The current median number of vaccinations received by TX patients is 
17, with a maximum of 41. Mild injection site reactions occurred in 54.3% of 
patients. There were no major toxicities. To date, a survival median for TX 
patients has not yet been reached (54% alive at >24 months). Conclusion: A 
clinically meaningful survival advantage appears likely for patients with stage 
IIIB NSCLC treated with L-BLP2 5. Further development of the vaccine is 
warranted. 
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Abstract: The reverse transcriptase subunit of human telomerase (hTERT) is a tumor 
associated antigen expressed in almost all tumors. By re-expressing hTERT, 
tumor cells escape cellular senescence to become immortal. This makes 
hTERT uniquely attractive as a target candidate for cancer vaccines. We have 
identified several new epitopes in hTERT, and designed vaccines aimed at 
generating both CD4+ and CD8+ tumor-reactive T cells. The present studies 
were performed to determine safety and immunogenicity of such dual specific 
peptide vaccines in patients with different types of cancer and to correlate 
immune responses with the clinical responses observed. In a single center dose 
escalation study, 47 patients with newly diagnosed, histologically confirmed, 
non-resectable pancreatic cancer were included. None of the patients received 
prior or concomitant chemotherapy. The peptide was injected intradermally 8 
times over a period of 10 weeks. Selected patients received monthly booster 
vaccinations thereafter. The vaccine was tested in 3 dose levels, using GM- 
CSF as an adjuvant. Based on the safety data from this study, two parallel 
studies were performed in 10 patients with malignant melanoma and 20 with 
non small cell lung cancer. A total of 505 vaccine injections (up to 18 
injections in one patient) were given to 77 patient and no serious adverse 
events related to the treatment were observed. Specific immune responses 
measured as DTH and in vitro could be induced in a dose dependent fashion. 
CTL's specific for several epitopes and Th cells restricted by HLA-DR, -DP 
and -DQ were obtained from vaccinated patients. In one patient cloned T cells 
were shown to recognize autologous targets in short term primary cultures 
from ascites fluid. In the pancreas cancer study which started September 2000, 
a strong correlation between vaccine dose, number of responders and survival 



was observed. In the group of patients who received the low dose 3/10 patients 
responded compared to 13/17 patients at the intermediate dose level. Median 
survival of the two groups were 3,5 months vs. 9,8 months. These results 
demonstrate that immunity to hTERT can be generated safely and effectively 
in patients and encourage further trials. 
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ABSTRACT 

Immunization to multiple defined tumor antigens for specific immune 
therapy of human cancer has thus far proven difficult. Eighteen HLA 
A*0201* patients with metastatic melanoma received injections s.c. of 
CD34 + progenitor-derived autologous dendritic cells (DCs), which in- 
cluded Langerhans cells. DCs were pulsed with peptides derived from four 
melanoma antigens [(MelAgs) MelanA/M ART-1 , tyrosinase, MAGE-3, 
and gplOO), as well as influenza matrix peptide (Flu-MP) and keyhole 
limpet hemocyanin (KLH) as control antigens. Overall immunological 
effects were assessed by comparing response profiles using marginal 
likelihood scores. DC injections were well tolerated except for progressive 
vitiligo in two patients. DCs induced an immune response to control 
antigens (KLH, Flu-MP) in 16 of 18 patients. An enhanced immune 
response to one or more MelAgs was seen in these same 16 patients, 
including 10 patients who responded to >2 MelAgs. The two patients 
failing to respond to both control and tumor antigens experienced rapid 
tumor progression. Of 17 patients with evaluable disease, 6 of 7 patients 
with immunity to two or less MelAgs had progressive disease 10 weeks 
after study entry, in contrast to tumor progression in only 1 of 10 patients 
with immunity to >2 MelAgs. Regression of >1 tumor metastases were 
observed in seven of these patients. The overall immunity to MelAgs after 
DC vaccination is associated with clinical outcome (P = 0.015). 

INTRODUCTION 

Molecular identification of human cancer antigens in the last dec- 
ade (1-3) has ushered in a new era of antigen-specific cancer immu- 
notherapy specifically targeting these antigens (4-7). However, sev- 
eral such approaches (e.g., peptides, DNA vaccines, and viral vectors) 
have thus far met with little or no success in the clinic (7-9). In 
particular, it has proved difficult to immunize humans simultaneously 
with multiple tumor antigens. In the case of melanoma, in which most 
such antigens have been defined, the immune system may be tolerized 
to these "self antigens because they are also expressed on normal 
tissues (e.g., melanocytes). Additional obstacles may include tumor- 
induced tolerance and global immunosuppression in advanced cancer 
(7-9). Unfortunately, most human tumor vaccine studies have not 
included control CD8+ T-cell antigens (e.g., viral CD8 + epitopes), 
making it difficult to distinguish among these possibilities. 

DCs 4 are antigen-presenting cells specialized to initiate and regu- 
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late immune responses (10, 11). Their clinical use as adjuvants has 
been aided by the development of methodologies to generate large 
numbers of these cells in culture from blood monocytes (12, 13) or 
CD34 + progenitors (14). In contrast to Mo-DCs, DCs derived from 
CD34 + cells consist of two phenotypically and functionally distinct 
populations (15). One subset is similar to the epidermal LCs, and the 
other termed "interstitial/dermal DCs" is similar to those derived from 
blood monocytes (15). Immune responses to these unique LC- 
containing preparations need to be evaluated in humans. Here we 
describe the safety and immunogenicity of antigen-bearing CD34- 
DCs in patients with stage IV melanoma. 

MATERIALS AND METHODS 

Study Design, Patients Characteristics, and Eligibility Criteria 

Eighteeen HLA-A20I + patients with metastatic melanoma received injec- 
tions of CD34-DCs (Fig. 1; Table 1). Four patients (patients 1,9, 12, and 13) 
had CNS involvement treated by surgery and radiation before entry into the 
trial, four patients (2, 4, 5, and 16) had received prior chemotherapy, and five 
patients (2, 4, 6, 9, and 15) had received prior biological therapy without a 
clinical or immune response (Table 1). Three patients (3, 13, and 20) pro- 
gressed before completing the trial. Inclusion criteria were: biopsy-proven 
American Joint Committee on Cancer stage IV metastatic melanoma; age, s= 18 
years; Karnofsky performance status, >80%; HLA-A*020I phenotype; intra- 
dermal skin test positivity to mumps, histoplasmosis, or streptokinase antigen; 
normal blood CD4 and CD8 T-cell numbers by flow cytometry; and normal 
quantitative immunoglobulin levels. Exclusion criteria were: prior chemother- 
apy or biologicals <4 weeks before trial entry; untreated CNS lesions; bulky 
hepatic metastatic lesions; pregnancy; or concurrent corticosteroid/immuno- 
suppressive therapy. Patients with history of asthma, venous thrombosis, 
congestive heart failure, autoimmune disease, or active infections, including 
viral hepatitis, were also excluded. All of the patients were presented with 
several treatment alternatives, including surgery, high-dose cytokines, chem- 
otherapy, or alternative immunotherapy. Patients were unlikely to be cured 
with surgery because of the presence of visceral metastases in most patients, 
including CNS involvement. Patient 10 had recurrent disease close to a prior 
biopsy site and refused further surgery. All of the patients gave a written 
informed consent, and the study was approved by the Food and Drug Admin- 
istration, the NCI, and the Institutional Review Board. Patients received a 
6-week outpatient vaccination course with antigen-loaded CD34-DCs given 
s.c. every 14 days for a total of four vaccinations. DCs were administered in 
a dose-escalation design at the dose level per cohort of 0.1, 0.25, 0.5, and 
1 X 10 6 DCs/kg/injection. The calculated DC dose was the actual number of 
CDla+ and CD 14+ cells in the cell preparation (see below). 

Preparation and Administration of the DC Vaccine 

Harvest of DC Progenitors. The patients received recombinant granulo- 
cyte-CSF (Neupogen) 10 jig/kg/day s.c. for 5 days, for peripheral blood stem 
cell mobilization, and then underwent leukapheresis for 2 consecutive days to 



sensitivity; CD34*-DC, CD34* 1 ' -derived DC; CNS, central nervous system; NCI, National 
Cancer Institute; PBMC, peripheral blood mononuclear cell; ELI SPOT, enzyme-linked 
immunospot; McIAg, melanoma antigen; PD, progression of measurable disease and/or 
new lesions; Mo-DC, monocyte-derived DC; IL, interleukin. 
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Fig. I . Study design and vaccination schedule. 
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collect mobilized CD34 + HPCs. The cells were processed using the CE- 
PRATE SC stem cell concentration system (Cell Pro Inc., Seattle, WA) to 
obtain an enriched population of CD34 + HPCs (purity, 62 ± 17%; recovery, 
158 ± 133 X 10 6 mean ± SD), which were then cryopreserved. 

Preparation of DC Vaccine. All procedures were performed according to 
Good Laboratory Practice standards. CD34-DCs were generated from CD34 + 
HPC by culture at a concentration of 0.5 X 10 6 /ml culture medium (X-VIVO- 
15; BioWhittaker) supplemented with autologous serum, 10* 5 M 2-/3-mercap- 
tocthanol and 1% L-glutamine. The following human recombinant cytokines, 
approved for clinical use, were used: GM-CSF (50 ng/ml; Immunex Corp.), 



FLT3-L (100 ng/ml; Immunex Corp.), and TNF (10 ng/ml; CellPro, Inc.). 
Cultures were conducted in a humidified incubator at 37°C and 5% C0 2 with 
a separate incubator being assigned to each patient. On day 8 of culture, all of 
the cells were pulsed overnight with KLH (2 fig/ml; Intracell), 20% of the cells 
were pulsed separately with HLA-A*0201 restricted Flu-MP GILG- 
FVFTL 58 _ 66 (2.5 /ig/ml), and 80% of the cells were pulsed overnight with a 
mix of four HLA-A201 restricted peptides (2.5 ^tg/ml) derived from MelAgs 
(MeIanA/MART-l 27 _ 35 : AAGIGILTV; gpl00 g2O9 _ 2 M : IMDQVPFSV; tyro- 
sinase 368 _ 376 : YMDGTMSQV; and MAGE-3 27I _ 279 : FLWGPRALV). After 
overnight loading, all of the DCs were washed three times with sterile saline 



Table I Patient characteristics and disease status on entry and post-DC vaccine 



Months from diagnosis to stage 



Pt. I D." 


Age/sex 


IV/prcvious therapy 




59/M 


36/Surgcry and radiation of CNS 






lesion 


2 


55/M 


24/Chcmothcrapy, 1L-2, & IFN-a 


3 


43/F 


6/Surgery 


4 


42/F 


82/Chcmothcrapy, IL-2, & IFN-a 


5 


45/M 


10/Chemothcrapy, IL-2, & IFN-a 


6 


36/M 


30/Surgery, high-dose IL-2 


8 


61/F 


69/Surgery and radiation 


9 


44/M 


10/Mclanoma cell vaccine, surgery, 






and radiation of CNS lesion 


iO 


50/M 


1 44/Surgery 


12 


56/F 


35/Surgcry, radiation CNS lesions 


13 


50/M 


1 /Surgery, radiation CNS lesion 


15 


43/F 


1 /Surgery and adjuvant IFN-a 


16 


73/M 


96/Chemotherapy 


17 


57/F 


40/Surgery 


18 


70/F 


3/Surgcry 


19 


66/M 


6/Radiation 


20 


40/M 


44/Surgery 


21 


66/M 


1 /Surgery 



Status and measurable disease on entry 



Early clinical outcome restaging at 10 wk 
(4 wk after last DC vaccine) 



Retroperitoneal mass by CT scan (2 cm), positive 
PET scan 

Skin, LN, CNS, liver (4 cm), lung (3 cm) 

Skin, LN, bones, and liver 

PD: subcarinal LN mass by CT (6 cm) 

Pulmonary nodule by CT (3.2 cm) 

PD: spleen nodule (3.5 cm), liver nodules (2.5 

cm), and pulmonary nodules ( 1 cm) by CT 

scan 

PD: skin nodules (1.5-2.5 cm) and LN 

Skin nodule by CE and CT scan (3 cm), liver 

nodule (4.5 cm), LDH 249, AP 261, AST 71, 

ALT 120 

3-cm axillary LN mass by CE 

2-cm femoral LN next to biopsy-proven LN mass 

Skin nodule (2 cm) 

2-cm axillary LN by physical examination 
LN, lung, and spleen 

PD: retroperitoneal LN (8 cm), liver (10 cm) 

Lung nodule by CT scan (1 cm) 

Pericardial nodule by CT (2 cm), 7.5-mm lesion 

in vaginal wall proximal to biopsy-proven 

lesion 

Parotid nodule 2 cm by PET scan. 
LN, liver and chest wall 

Liver lesion by MRI (1.8 cm) 



No evidence of measurable disease by CE, CT, and PET 
scan 

PD: all sites enlarged 

PD: progression at all sites, early death from melanoma 
Pulmonary nodule (2.8 cm) and subcarinal LN mass (7 cm) 
stable 

Progressive vitiligo on chest, neck, back. No new lesions 
Spleen nodule 1 cm by CT scan, pulmonary, and liver 
nodules stable 

PD: disappearance of 3 s.c. nodules but several new lesions 
Regression of skin nodule by CE and CT, liver lesion 
stable (4.3 cm), normalization of liver enzymes: LDH 
193, AP 196, AST 26, ALT 36; progressive vitiligo chest 
and arms 

No axillary LN mass, no evidence of measurable disease by 

CE and CT scan 
No palpable LN mass, no evidence of measurable disease 

by CE and CT scan 
50% regression of skin nodule, no new lesions by CE and 

PET scan 

PD: progression in CNS after 2 DC vaccinations 
PD: progression, new lesion in spleen 
PD: progression 

No evidence of progression by CT scan and CE 
Regression of pericardial nodule by CT scan and of vaginal 
metastases by CE 

Nonevaluable for clinical outcome (no PET scan 

postvaccination) 
PD: progression, early death from melanoma 
Liver lesion stable by MRI (1.9 cm) 



" Pt. I.D., patient identification number; CT, computed tomography; PET, positron emission tomography; LN, lymph node; LDH, lactate dehydrogenase; AP, alkaline phosphatase; 
AST, aspartate aminotransferase; ALT, alanine aminotransferase; CE, clinical examination; MRI, magnetic resonance imaging. 
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and were counted and resuspended in 10 ml of sterile saline containing 
melanoma peptides (1 /uLg/ml). After 2-h incubation at 22°C, the cells were 
centrifuged and resuspended in 9 ml of sterile saline for injection. All of the 
peptides were Good Manufacturing Practice (GMP) quality and were either 
obtained from the NCI (MclanA/MART-1, gplOO, and tyrosinase) or pur- 
chased (Flu-MP and MAGE-3; MultiPeptide Systems, San Diego, CA). Vac- 
cine release criteria included: (a) negative bacterial culture 48 h prior to DC 
injection; (b) negative Gram's staining after antigen pulsing; (c) DC morphol- 
ogy on Gicmsa-stained cytospins performed 2 h before DC administration, (d) 
ceil viability >80%; and (e) a minimum of 20% DCs (CDla+ and CD14+) 
in cell preparation as determined by phenotypic analysis. The remaining cells 
contained DC precursors as well as cells with the ability to induce mixed 
lymphocyte reaction (not shown). Further quality testing of each DC batch 
included: (a) reactivity with a panel of monoclonal antibodies; and (b) deter- 
mination of their stimulatory capacity in mixed lymphocyte reactions. 

Administration of Vaccine. Vaccination was administered s.c. in three 
injection sites (both thighs and the upper arm). Limbs from which draining 
lymph nodes had been surgically removed and/or irradiated were not injected. 
DCs were injected using a long spinal-cord needle and were spread over a 6- 
to 8 -cm distance. 

Clinical Monitoring 

Adverse events were graded according to the NCI Common Toxicity 
Criteria. All of the patients underwent assessment of tumor status at baseline 
and 4 weeks after the fourth DC vaccination (10 weeks from trial entry). 
Disease progression was defined as >25% increase in target lesions and/or the 
appearance of new lesions. 

Immunological Monitoring 

PBMCs samples from at least two time points before vaccination, as well as 
5 and/or 14 days after each vaccination and 14 or 28 days after the fourth 
vaccination, were harvested and frozen. Pre- and postimmunization PBMCs 
were frozen in aliquots, coded, thawed and assayed together in a blinded 
fashion. 

Antigen-specific Proliferation 

PBMCs (10 5 cells/well) were cultured in triplicate wells in the absence or 
presence of graded doses of KLH at 1-10 /ig/ml, and as a positive control, in 
the presence of SEA. Assays were pulsed overnight with [ 3 H]thymidine on day 
3 (SEA) or day 5 (KLH) of culture and harvested 16 h later. 

ELISPOT Assay for IFN-y Release from Single Antigen-specific T Cells 

ELI SPOT assay for the detection of antigen-specific IFN-y-producing T 
cells was performed as described previously (16, 17). Briefly, PBMCs 
(2 x 10 5 cells/well) were added to plates precoated with 10 /ig/ml of a primary 
anti-IFN-7 monoclonal antibody (Mabtech, Stockholm, Sweden) in the pres- 
ence or absence of 10 u-g/ml peptide antigens. The antigens were the same 
HLA A*0201 -restricted peptides (four melanoma peptides and Flu-MP) used 
in the DC vaccine. HLA A*0201 -restricted gag peptide was used as a negative 
control, and SEA as a positive control for T-cell function. For some experi- 
ments, depending on the cell yield, influenza virus-infected PBMCs (MOI 2) 
were used as APCs. Antigen-specific SFCs were calculated after subtracting 
the background obtained with control peptide. Immune responses were scored 
as positive if the postimmunization measurements for antigen-specific SFCs 
were >2-fold higher than the baseline and > 10 SFC/2 X 10 5 cells (16). 

Antigen-specific Recall T-cell Responses 

To evaluate the ability of antigen-specific T cells to proliferate and differ- 
entiate in culture, pre- and postimmunization PBMCs were thawed together 
and coculturcd (2 X 10 5 cells/well) for 7 days with autologous mature DCs 
(PBMC:DC ratio, 30:1) pulsed with I itg/m\ peptides. After 7 days, cells were 
transferred to an ELISPOT plate and cultured overnight with (T-cell :APC 
ratio, 20:1) irradiated (3000 rads) T2 cells with or without specific antigen. 
Antigen-specific SFCs were calculated after subtracting the background ob- 
tained with unpulsed T2 cells. 



DTH Reactions 

CD34-DCs (10 5 ), pulsed separately with each antigen, were injected intra- 
dermally on the patient's back and induration at the injection site was meas- 
ured at 48 h. 

Statistical Analysis 

The sign test for discrctized data were used to demonstrate the presence of 
specific immune response to KLH and Flu-MP (18). Because the role of 
different MelAgs with regard to protective immunity is not known, we inte- 
grated postvaccination responses to all four MelAgs, as measured by both 
direct and recall assays, into an immunity score using a nonparametric method 
based on the marginal likelihood approach (19, 20). To score n individuals 
according to their immune response profiles, one computes all rankings (per- 
mutations of numbers I. . . n) that arc compatible with all pairwise orderings. 
An immune response is considered higher if it is at least as high for each of the 
eight variables and higher for at least one variable. A patient*s immunity score 
is the average of the corresponding ranks among the compatible rankings 
minus the expected score. All of the immunized patients were included in the 
analysis in an "intent to treat" approach. 

RESULTS 

DC Vaccine. Fresh DCs were generated from granuIocyte-CSF 
mobilized blood CD34 + -HPCs for each vaccination. Frozen/thawed 
CD34 + -HPCs cultured for 9 days with GM-CSF, TNF-a, and FLT3-L 
yielded MHC class I + , HLA-DR+, CD80 4 -, CD86 !ow , and CD83 ,ow 
DCs (not shown). Although CD83 ,ow , these DCs are not considered 
immature because they are generated in the presence of TNF-a (a 
well-established DC maturation factor) and routinely induce prolifer- 
ation of allogeneic CD8 T cells (not shown). The DCs included 
CDla+CD14~ LCs as well as CDla~CD14 + interstitial DC precur- 
sors (intDC). The LC phenotype was confirmed by confocal micros- 
copy revealing Langerin staining in CDla + DCs (not shown; 21). The 
mean proportion of CDla + CD14~ cells was 9 ± 3% (range, 4-17%; 
median, 9%) and that of CDla"CD14 + cells was 32 ± 9% (range, 
19-52%; median, 30%). The composition of DC vaccine for each 
patient is given in Table 3. 

Responses to Control Antigens. DC vaccination primed KLH- 
specific immune responses in 16 of 18 patients (all except patients 3 
and 13; P = 0.00007 in the exact sign test; Fig. 2A). There is no 
indication that higher DC doses induced greater KLH-specific prolif- 
eration. Fifteen patients (all except patients 3, 13, and 20) were 
evaluated for DTH after they completed the vaccination protocol (four 
DC vaccines). Thirteen of these patients (all except patients 1 and 19) 
developed DTH to KLH (median, 10 mm; range, 6-47 mm). Of the 
17 patients injected with Flu-MP-pulsed DCs (all except patient 18 
with a history of allergy to flu vaccine), enhancement of Flu-MP- 
specific memory T-cell responses by at least one assay was observed 
in 15 patients (all except patients 3 and 13; Table 2; Fig. IB). The 
elicited T cells also recognized the naturally processed antigen from 
flu-infected PBMCs (not shown). The finding that all except two 
patients responded to both KLH and Flu-MP-pulsed DCs indicates 
that patients with metastatic melanoma enrolled in our study were 
immunocompetent. 

In Vivo Expansion of Melanoma-specific Blood CD8 T Cells 

Responses in Uncultured T Cells. Except for patient 8, only a few 
MelAg-specific IFN-y-producing cells were detected in baseline 
blood samples (Table 2; Fig. 3). The response was considered as 
enhanced if there was a >2-fold increase and a minimum of 10 
MelAg-specific ELISPOTs (after subtracting the values obtained from 
control wells) in postimmunization samples. After DC vaccination, 
enhanced responses to > 1 MelAgs were detectable in uncultured T 
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Fig. 2. Responses to control antigens. A, fCLH- 
dependent proliferative responses: pre/postimmuni- 
zation PBMCs arc cultured with 1 0 /xg/ml KLH for 5 
days. fCLH-spcciftc T-cell proliferation is determined 
based on [ 3 H]thymidinc incorporation. B, Flu-MP 
responses. PBMCs obtained at baseline and after four 
DC vaccinations are cultured overnight with 10 jam 
Flu-MP peptide. Antigen-specific IFN-y-secrcting 
cells arc quantified using an ELI SPOT assay and 
expressed as number of IFN-y ELISPOTs/2 X 10 5 
PBMCs. The numbers obtained in control wells are 
subtracted (median, 1 spot/2 X 10 5 PBMCs; range, 
0-8). 




0.5 x10»/kg 



1.0 x10*/kg 



100 




0.1x10«/kg 
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0.5 x10«/kg 



1.0 x10 6 /kg 



cells in 8 of 18 patients (Table 2). Five patients showed increased 
responses to MAGE-3, four to MelanA/MART-1, five to gplOO, and 
seven to tyrosinase peptide (Table 2; Fig. 3/4). There is no indication 
that higher DC doses induce greater melanoma-specific immunity. We 
conclude that MelAg-pulsed CD34-DCs lead to enhancement of 
MelAg-specific circulating effectors in melanoma patients. 

Responses in Cultured T Cells. Next, we determined the capacity 
of blood CD8 T cells to mount melanoma-specific responses after 
1-week culture with melanoma peptide-pulsed autologous DCs. Most 
patients had low levels of MelAg-specific memory cells in preimmu- 
nization samples (except for patient 21). However, in 14 of 15 
evaluated patients, an increased response to at least one melanoma 
peptide was found after DC vaccination, (Table 2; Fig. 35), and 5 of 
these patients (patients 1, 5, 9, 16, and 17) responded to all four 
melanoma peptides. 



Overall Response to MelAgs 

Overall, enhanced immunity to > 1 MelAgs by at least one assay 
was observed in 16 of 18 patients after DC vaccination. Of these, 
enhanced immunity to two, three, or all four MelAgs was seen by at 
least one assay in patients 3, 4, and 6, respectively. Thus, vaccination 
with melanoma-peptide-pulsed CD34-DCs leads to enhanced immu- 
nity to several MelAg peptides in melanoma patients. 

DTH 

Ten of 14 evaluated patients developed DTH to at least one peptide 
after repeated DC vaccination. Thus, DTH to DCs pulsed with: (a) 
MART-1 was observed in all 10 patients (median induration, 7.5 
mm); (6) MAGE-3 in 8 of 10 patients (median induration, 9.5 mm); 
(c) tyrosinase in 8 of 10 patients (median induration, 8 mm); and (d) 
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Table 2 Number of peptide-speciftc IFN-y ELISPOTS/IO 5 PBMCs in pre/postvacc motion samples: circulating effectors (direct ELISPOT, D) and memory T cells 

(recall EL1SPOT, R) 



DC dose 


Pt. I.D" 
%CD3+CD8+* 


Flu 


MAGE 


MART 


Tyr 


GplOO 


No. of MelAgs 


0. 1 X 10 /kg 


1 


rv T/1Q 


1/8 


3/3 


1/6 


1/8 


0 


I O/o 


d . i 


3/40 


5/59 


5/45 


6/40 


4 






T> *>IA 
1 L. U"! 


0/2 


0/2 


0/2 


0/2 






2 


D: 2/16 


1/4 


1/0 


0/2 


0/8 


0 




31% 


R: 3/12 


3/2 


0/14 


1/9 


2/14 


2 






T2: 0/6 


0/3 


4/1 


3/4 


1/0 






4 


D: 7/39 


0/36 


3/25 


3/27 


0/33 


4 




27% 


R: ND 


ND 


ND 


ND 


ND 






6 


D: 3/77 


1/2 


0/1 


0/2 


0/2 


0 




25% 


R: ND 


1/3 


ND 


1/7 


5/13 


1 






T2: ND 


10/10 


ND 


11/14 


6/9 






19 


D: 2/10 


2/6 


0/1 


0/4 


0/1 


0 




36% 


R: 89/164 


5/20 


4/14 


6/8 


M/14 


2 






T2: 3/1 


l/l 


1/4 


1/1 


2/2 




0.25 x 10 7kg 


3 


D: 5/0 




V/K) 


0/0 


0/0 


o 


ND 


R: 0/0 


0/0 


0/0 


0/0 


0/0 


0 






T2: 0/0 


0/0 


0/0 


0/0 


0/0 






5 


D: 8/31 


1/23 


10/13 


5/24 


1/25 


3 




12% 


R: 272/1019 


4/178 


13/55 


4/110 


1/59 


4 






T2: 8/81 


0/2 


0/33 


0/6 


2/8 






9 


D: 37/167 


0/12 


0/12 


0/10 


0/18 


4 




27% 


R: 61/256 


1/20 


11/29 


2/21 


1/23 


4 






T2: 14/9 


6/7 


7/4 


6/4 


6/9 






16 


D: 4/15 


2/1 


0/2 


0/1 


0/1 


0 




7% 


R: 50/225 


7/38 


0/47 


1/45 


13/48 


4 






T2: 21/23 


25/23 


23/32 


19/39 


25/25 




0.5 X 10 6 /kg 


8 


D: 7/19 


7/20 


12/39 


5/15 


4/5 


3 


26% 


R: ND 


ND 


ND 


ND 


ND 






10 


D: 19/89 


1/4 


4/0 


2/0 


0/0 


0 




30% 


R: 62/730 


0/0 


0/15 


0/54 


0/35 


3 






T2: 1/70 


0/23 


0/23 


0/21 


0/31 






13 


D: 15/13 


0/0 


0/0 


0/0 


0/0 


0 




3% 


R: 9/4 


3/1 


1/0 


1/0 


5/10 


0 C 






T2: 0/0 


0/0 


1/1 


1/0 


0/66 






17 


D: 3/18 


1/9 


1/12 


1/10 


1/7 


2 




25% 


R: 34/441 


3/37 


13/64 


4/51 


12/44 


4 






T2: 5/12 


5/18 


8/19 


7/23 


7/27 




1.0 X IU /Kg 


i - 


D - 6/21 


0/3 


3/8 


0/13 


1/4 


1 


1 "70/ 


IX. i<V 1 Uv 


0/0 


6/20 


1/36 


0/36 


3 






T2* 0/0 


0/1 


8/0 


0/10 


0/0 






1 < 

1 J 


D: 1/3 


0/0 


1/0 


0/1 


0/10 


1 




14% 


R: 40/155 


1/4 


5/6 


0/6 


6/70 


1 






T2: 25/0 


17/7 


37/1 


3/0 


3/14 






18 


D: 5/13 


0/2 


0/1 


0/1 


0/1 


0 




15% 


R: 35/43 


5/18 


13/9 


0/2 


0/16 


2 






T2: 0/1 


0/1 


4/2 


0/0 


0/3 






20 


D: 6/25 


0/0 


0/0 


1/0 


1/2 


0 




ND 


R: 267/326 


9/5 


12/10 


2/14 ■ 


13/22 


1 






T2: 13/4 


15/8 


15/3 


17/3 


19/9 






21 


D: 3/17 


1/15 


1/9 


1/10 


1/10 


3 




32% 


R: 241/473 


21/37 


30/44 


23/20 


16/36 


1 






T2: 21/37 


12/16 


10/15 


4/7 


11/11 





" Pt. I.D., patient identification number; ND, not done. 

6 Percentages of CD3 + CD8 + T cells in lymphocyte gate. 

c Because of unusually high background, we did not consider this as a positive response. 



gplOO in 9 of 10 patients (median induration, 8 mm). In three patients, 
there was reactivity to unpulsed DCs (erythema without induration 
(8 mm). There was no correlation between the responses in blood 
and DTH. 

Toxicity of DC Injection 

Safety and tolerability were assessed with each DC vaccination and 
1 month after the fourth vaccination. No patients developed injection 
site erythema/irritation or systemic toxicity. Two patients (patients 4 
and 8) with mild preexisting vitiligo developed progressive vitiligo 
during the course of DC therapy (Table 1). Rheumatoid factor and 
antithyroid antibodies were negative throughout the trial. The anti- 
nuclear antibody titer of patient 8 was negative before the first DC 
injection but increased to 1:80 after the fourth injection. No clinical 
manifestations of autoimmune disease developed in this patient. 



Clinical Outcome. Seven of 17 evaluable patients experienced 
tumor progression (PD, Table 1). The remaining 10 patients did not 
progress at this time point (10 weeks from study entry). Among these, 
three patients (4, 17, and 21) had neither new lesions nor progression 
of measurable disease; four patients (5, 8, 12, and 18) with multiple 
lesions on entry experienced regression at one or more disease sites; 
and three patients (1, 9, and 10), who had only limited disease on 
entry, cleared any evidence of disease. Nonprogressing patients have 
received additional DC vaccinations on a subsequent study; therefore, 
we cannot assess the durability of these responses. Patient 5 has 
received additional immunotherapy at another institution. 

Correlation of Immunological Responses and Clinical Outcome 

We first used >2-fold increase and ^10 antigen-specific IFN-y 
ELISPOTS in the postvaccination assays as an indicator of immune 
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Gp-100 



Fig. 3. Melanoma-specific responses. A, circulating 
melanoma-specific effector cells. PBMCs obtained at 
baseline and after four DC vaccinations arc cultured 
overnight with each of the four melanoma peptides 
(MAGES t MelanA/M4/?7W, Tyrosinase, and gplOO 
(Gp-100) used for vaccination (10 /am). The specific 
T-ccll response in each of the evaluated patients is ex- 
pressed as the number of IFN-7 ELISPOTS/2 X 10 5 
PBMCs. The values obtained with control gag peptide or 
in the wells with no peptide are subtracted (on average 
one spot/2 X 10 5 PBMC; range, 0-8). B y expansion of 
MciAg-spccific memory effector cells. PBMCs obtained 
at baseline and after four DC vaccinations arc cultured 
for 7 days with mature melanoma- pepti de-pulsed autol- 
ogous Mo- DCs. The T cells are harvested and peptide 
induced IFN-y release is measured in the overnight cul- 
ture with mclanoma-peptide pulsed T2 cells. Numbers of 
IFN-y EL1SPOTS/I0 5 peripheral blood lymphocytes. 
The values obtained with unpulsed T2 cells are sub- 
tracted; MAGES: median number of spots pre/post vac- 
cine 1/7; range, 0-25/0-23; MART- 1: median number of 
spots pre/post vaccine 5/3; range, 0-37/0-33; Tyrosin- 
ase: median number of spots pre/post vaccine 2/4; range, 
0-19/0-39; gplOO (Gp-100): median number of spots 
pre/post vaccine 2/9; range, 0-25/0-33. 




MAGE-3 




Post Pre Post 



Tyrosinase Gp-100 
f 110 





Pre Po3t Pre Post Pre Post 



IFN-y ELISPOTS/10 5 PBMC 



response (16). Two patients (3 and 13) who failed to respond to either 
the control or MelAgs by any assay, experienced rapid tumor pro- 
gression and could not complete the planned therapy. Of 17 patients 
with evaluable disease, 6 of 7 patients who responded to zero, one, or 
two MelAgs had PD on restaging 10 weeks after study entry (Table 3). 
In contrast, tumorrjrogression was seen in only 1 of the 10 patients 
who responded to three or all four MelAgs (P = 0.002, Fisher exact 
test). Regression of >1 tumor metastases were observed in seven of 
these patients. 

To obtain an overall assessment of antitumor immunity after the 
DC vaccination, we integrated data for absolute immune responses to 
all four antigens by direct and recall assays into a tumor immunity 



score (from -8.5 to +8.5), as described earlier (19, 20). By this 
comprehensive analysis, tumor immunity is associated with clinical 
outcome (P = 0.015). Six of the eight patients with a negative score, 
but only 1 of the 9 patients with a positive score, progressed (Fig. 4). 
Omitting data from the MAGE-3 epitope, which is thought to require 
an immunoproteasome for presentation, yields similar results 
(P = 0.009). 

DISCUSSION 

Our results indicate that vaccination of stage IV melanoma patients 
with antigen-pulsed CD34-DCs is well tolerated and results in en- 



Table 3 DC vaccine, immune responses, and clinical outcome 



DC vaccine Immune responses Clinical outcome 









Control antigens 


Melanoma antigens 


Early evaluation 






CDla+CD14-/CDla±CD14 + 










Pt. l.D° 


Dose X 10 r 7kg 


mean % of positive cells 


FLU 


KLH 
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1 


0.1 


4/25 


Yes 


Yes 


4 


Yes 


NP 


2 


0.1 


6/28 


Yes 


Yes 


2 


No 


PD 


4 


0.1 


7/38 


Yes 


Yes 


4 


Yes 


NP 


6 


0.1 


6/42 


Yes 


Yes 


1 


No 


PD 


19 


0.1 


10/40 " 


Yes 


Yes 


2 


No 


NE 


3 


0.25 


5/44 


No 


No 
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No 


PD 


5 


0.25 


17/20 


Yes 


Yes 


4 


Yes 


NP 


9 


0.25 


9/32 


Yes 


Yes 


4 


Yes 


NP 


16 


0.25 


7/25 


Yes 


Yes 


4 


Yes 


PD 


8 


0.5 


14/33 


Yes 


Yes 


3 


Yes 


NP 


10 


0.5 


11/42 


Yes 


Yes 


3 


Yes 


NP 


13 


0.5 


10/36 


No 


No 
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No 


PD 


17 


0.5 


8/27 


Yes 


Yes 


4 


Yes 


NP 


12 


1.0 


13/24 


Yes 


Yes 


3 


Yes 


NP 


15 


1.0 


10/52 


Yes 


Yes 


I 


No 


PD 


18 


1.0 


11/20 


ND 


Yes 
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No 


NP 


20 


1.0 


12/19 


Yes 


Yes 


1 


No 


PD 


21 


1.0 


8/30 


Yes 


Yes 


3 


Yes 


NP 



" Pt. ID., patient identification; Ag, antigen; NP, •••; NE, 
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Fig. 4. Correlation of immune response and clinical 
outcome. Immune responses from both direct and recall 
assays for all four MclAgs were ranked and integrated 
into a tumor immunity score (from -8.5 to +8.5). Data 
arc plotted as tumor immunity score (Y axis) versus 
clinical response (X axis). Each number on horizontal 
axis, the patient identification {Pi I.D.). Four groups of 
patients are depicted: patients with regression of one or 
more lesions post vaccination (Regression, white bars); 
patients with stable disease (Stable, thin hatched bars); 
patients whose disease progressed at 10 weeks (PD, 
black bars); and patients who experienced early pro- 
gression (before evaluation at 10 weeks, Early PD, thick 
hatched bars). 




Ptl.D.:1 5 8 9 10 12 18 4 17 21 2 6 15 16 3 13 20 
4 + < ► < + + ► 

Regression Stable PD at 10 weeks Early PD 



Nonprogression Progression 



hanced immunity to a viral antigen as well as to several MelAgs. Our 
findings emerged from a Phase I study designed to evaluate the 
tolerability of this new source of DC vaccine containing LCs. Ad- 
ministration of CD34-DCs leads to no major systemic toxicity. The 
development of progressive vitiligo in two patients came as an early 
demonstration that the DC vaccine may enhance immunity to the 
melanocyte differentiation antigens. Nevertheless, several secondary 
outcomes with respect to immunogenicity and clinical efficacy were 
also evident. Our patients, despite prior chemotherapy in some of 
them and advanced stage of disease, clearly showed immune compe- 
tence when challenged with two non-MelAgs: the KLH protein to 
evaluate priming of CD4 T cells and the influenza matrix peptide to 
test boosting of CD8+ T cells. Immune competence in stage IV 
melanoma was also noted by Thurner et ai, demonstrating T-cell 
proliferation and DTH to tetanus toxoid delivered on mature Mo-DCs 
(22). 

Injection of peptide-pulsed DCs correlates with enhanced immunity 
to multiple defined tumor antigens. The MelAg-specific T cells that 
were elicited after DC vaccine are functional and are detectable in 
effector T-cell assays without the need for prior ex vivo expansion. 
They are also capable of proliferation and effector function after 
short-term (1 week) coculture with antigen-bearing DCs, without the 
need for exogenous cytokines or multiple restimulations with antigen. 
The feasibility of eliciting immune response to multiple MelAgs 
suggests that tolerance to these self antigens, if present, may only be 
partial (23, 24). 

The ability of DCs to elicit immune response to multiple tumor 
antigens in vivo may be clinically important. The development of 
T-cell response to multiple tumor antigens on peptide-pulsed DCs 
in this study was associated with a favorable early clinical out- 
come. Prior studies using chemical adjuvants have failed to reli- 
ably elicit immunity to MelAgs (25). Improved results were ob- 
tained more recently with the use of modified peptides combined 
with IL-2 (26). However, in most studies, limited clinical re- 
sponses are observed, which may be attributable to targeting a 
limited number of epitopes. 

We chose to test CD34-DCs because they are composed of two 
distinct DC subsets, LCs and interstitial DCs (15). This contrasts with 



Mo-DCs, which are devoid of LCs (27). Mo-DCs have been shown to 
act as immune adjuvants in healthy volunteers and in stage IV mel- 
anoma (16, 17, 22, 28). Injection of MAGE-3-pulsed Mo-DCs were 
recently shown to enhance circulating MAGE-3-specific active effec- 
tors in melanoma patients (29). However, no clinical responses were 
observed, which may be attributable to the choice of the immunizing 
epitope or targeting of a single epitope. Others have reported that 
CD34-DCs can be more efficient than Mo-DCs in activating CTLs in 
vitro (30, 31). In the circumstances like the induction of tumor- 
specific CTLs, CD34-DCs could thus be advantageous. Another re- 
cent study evaluated CD34-DCs in advanced melanoma and found 
little clinical or immunological efficacy (32). However, the DCs were 
cultured in the presence of IL-4 (which inhibits LC development; 
Ref. 27) and administered i.v. Controlled studies are needed to com- 
pare the immunogenicity of this new form of DCs (and their subsets) 
to those derived from blood monocyte precursors. 

Although these data provide encouragement for targeting MelAgs 
using DCs in the clinic, additional studies are needed to establish and 
optimize their clinical efficacy. The patients who experienced favor- 
able clinical outcome had relatively limited disease and no history of 
chemotherapy, which supports the concept of testing DC vaccines 
earlier, e.g., in a surgical adjuvant setting. Optimizing variables such 
as peptide loading, vaccine schedule, and DC maturation may further 
improve the immunogenicity of these DCs. 
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Abstract 

MUC1 is a highly immunogenic epithelial mucin and serves as a tumor-associated antigen in 
breast, pancreatic and ovarian carcinomas. We previously reported the expression of MUC1 on 
myeloma cells and the establishment of an HLA-unrestricted cytotoxic T lymphocyte (CTL) line TN 
that recognized MUC1 from peripheral blood mononuclear cells in a multiple myeloma patient. In 
this study, we attempted to induce such CTL from six other multiple myeloma patients 
consecutively in order to show that the induction of the CTL line TN had not resulted from some 
idiosyncrasy of the first patient. Bone marrow mononuclear cells were used to induce CTL, 
because they contain myeloma cells that might stimulate the autologous lymphocytes. Bulk CTL 
lines were induced from two out of six patients. The CTL line TS was CD8 + cell dominant and KY 
was CD4+ cell dominant. Both CTL lines lysed MUC1 + myeloma and breast carcinoma cell lines. 
The cytotoxicity of the CTL lines was inhibited by anti-CD3, anti-ot|5 TCR and anti-MUC1 mAb. It 
was also inhibited by a MUC1 transfectant, but not by a mock transfectant in cold target inhibition 
assays. MUC1 was transfected into a human colonic carcinoma cell line. The reactivity of anti- 
MUC1 core protein mAb and the cytotoxicity of the CTL against the transfectant was enhanced by 
the treatment of the cells with an O-glycosylation inhibitor. Thus it is generally accepted that the 
HLA-unrestricted CTL which directly recognize the underglycosylated form of MUC1 using their 
TCR could be induced from a certain proportion (-30%) of untreated multiple myeloma patients. 



Introduction 

MUC1 is a mucin molecule produced by ductal epithelial 
cells of a variety of tissues and also by tumors derived from 
these tissues. It is a type I transmembrane glycoprotein with 
unique extracellular domains mostly consisting of tandem 
repeats of 20 amino acids (1-3). The number of tandem 
repeats is 25-100 or more and varies among individuals or 
derived tissues. MUC1 contains a lot of CMinked glycosylation 
sites, and the level of glycosylation varies among different 
tissues and between normal and malignant cells. The cyto- 
plasmic tail of MUC1 contains tyrosine phosphorylation sites 
and tyrosine phosphorylated MUC1 directly interacts with the 
SH2 domain of the adaptor protein Grb2 (4). It has thus been 
suggested to have a role in intracellular signaling. 



MUC1 is highly immunogenic — autoantibodies against it 
have been detected not only in sera of cancer patients but 
also in sera of ulcerative colitis patients (5-7). Moreover, CTL 
against MUC1 have also been induced in pancreas, breast 
and ovarian cancer patients (8-10). Interestingly, these CTL 
directly recognized MUC1 molecules in an HLA-unrestricted 
manner unlike conventional CTL. It was proposed that normally 
cryptic CTL epitopes on the MUC1 core protein were 
unmasked by underglycosylation in tumor cells and the highly 
multivalent epitopes of tandemly repeated peptides on a 
single MUC1 molecule cross-linked the TCR of anti-MUC1 
CTL. 

MUC1 was also detected in non-epithelial cells as epithelial 
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membrane antigen (EM A), especially in lymphoid malignan- 
cies (11). We previously reported the expression of MUC1 
on myeloma ceils and the detection of circulating MUC1 
molecules in -50% of our multiple myeloma patients (12). We 
have established an anti-myeloma CTL line TN from peripheral 
blood mononuclear cells (PBMC) in a stage III multiple 
myeloma patient. TN recognized MUC1 in an HLA-unrestricted 
manner. This suggested that the precursors of HLA-unrestric- 
ted CTL reacting with MUC1 could exist in multiple myeloma 
patients, though the supposition that the CTL line was acci- 
dentally induced because of some idiosyncrasy of that patient 
is a possibility which still has to be eliminated. Moreover, a 
more efficient way to induce the CTL from multiple myeloma 
patients will be required if this is to be used clinically in 
immunotherapy for multiple myeloma on the basis of anti- 
MUC1 immunity. 

To address these issues, we performed allogeneic mixed 
leukocyte tumor cell culture (MLTC) to induce the CTL in six 
consecutive non-treated multiple myeloma patients, with bone 
marrow mononuclear cells instead of PBMC as a source of 
MLTC in this study. We expected that bone marrow mono- 
nuclear cells would be the better source because they 
contained myeloma cells that might stimulate the autologous 
lymphocytes. Moreover, it was also expected that the bone 
marrow lymphocytes might be pre-sensitized by myeloma 
cells more often than peripheral blood lymphocytes. CTL 
were consequently induced in two out of six myeloma patients. 
These CTL showed HLA-unrestricted cytotoxicity and their 
target molecule appeared to be MUC1 . Moreover, we showed 
exposure of the CTL epitope on MUC1 by an O-glycosylation 
inhibitor, with the cytotoxicity being markedly enhanced. 
These findings may confer meaning in the design of immuno- 
therapy of multiple myeloma. 

Methods 

Cell lines and cell culture 

Cell cultures were maintained in RPMI 1640 supplemented 
with 25 mM HEPES, 25 mM sodium bicarbonate, 200 mg/l 
ampicillin, 100 mg/l kanamycin and 10% (v/v) FCS. MDA-MB- 
231, SK-BR-3 and MRK-nu-1 are breast carcinoma cell lines. 
JRST and Kato III are gastric carcinoma cell lines. CHCY1 
and DLD-1 are colonic carcinoma cell lines. RPMI8226, KR4, 
KR12 and TAPC were myeloma cell lines. RPMI1788 is a B 
cell line. CEM is a T cell line. K562 is an erythroleukemic cell 
line. EJ-NIH-3T3 is a mouse fibroblast cell line transfected 
with human activated H-ras gene. 

MUC1+-EJ-NIH-3T3 is a sense MUC1 gene transfectant 
and MUCr-EJ-NIH-3T3 is an anti-sense MUC1 gene tranfect- 
ant as previously described (12). HLA allelic typing of tumor 
cell lines was performed by PCR-RFLP, PCR-SSOP or PCR- 
SSP methods at the Shionogi Biomedical Laboratory, Osaka, 
Japan as described elsewhere (13-17). 

Establishment of CTL lines 

Mononuclear cells of six consecutive multiple myeloma 
patients were separated from heparinized bone marrow blood 
by Ficoll-Paque (Pharmacia, Pisctaway, NJ). Bone marrow 
mononuclear cells were cultured in the medium described 



above supplemented with heat-inactivated human AB serum 
instead of FCS. We did not add tumor cells in initial culture 
because contaminating myeloma cells could be stimulator 
cells for lymphocytes. Three days after the onset of the 
culture, recombinant IL-2 (a gift from Takeda Pharmaceutical, 
Osaka, Japan) was added at a final concentration of 5 lU/ml. 
The cultured cells were stimulated with RPMI8226 ceils at a 
lymphocyte:stimulator ratio of 20:1 on day 7. A different tumor 
cell line was used for the second stimulation in order to 
minimize the induction of allo-reactive T cells. The cells were 
re-stimulated on day 14 with MDA-MB-231, on day 21 with 
KR12 and on day 28 with RPM1 1788. Cell culture was 
expanded in proportion to proliferation of the lymphocytes. 
The lymphocytes used in this study were >4 weeks old 
grown in vitro. Tumor cell lines were treated with mitomycin 
C (50 mg/ml; Sigma, St Louis, MO) at 37°C for 30 min and 
washed three times with culture medium before use. 

Cell-mediated cytotoxicity assay 

Cell-mediated cytotoxicity was assessed with 51 Cr release 
assay as previously described (12). Briefly, -1X10 6 target 
cells were suspended in 1 ml of culture medium and labeled 
with 100 mCi of 51 Cr (New England Nuclear, Boston, MA) for 
45-60 min at 37°C and washed three times. Then 5X10 3 
labeled cells were seeded into each well of 96-wefl 
U-bottomed tissue culture plates (Costar, Cambridge, MA). 
Effector cells were added at various E:T ratios and assays 
were performed in triplicate. The plates were incubated for 
4 h at 37°C in a 5% C0 2 atmosphere. Supernatants were 
harvested with a Skatron harvesting system (Skatron, Stering, 
VA) and assayed in a y-counter. Percent specific lysis was 
calculated as: (experimental release - spontaneous release)/ 
(maximum release - spontaneous release)xl00. Spon- 
taneous release was measured by incubating target cells in 
the medium alone and maximum release was obtained by 
adding 1% (v/v) Triton X-100 (Katayama Chemical, Osaka, 
Japan) in PBS to target cells. 

For cold target inhibition assays, unlabeled inhibitor cells 
(cold targets) were seeded in plates at various cold to hot 
target ratios. Effector cells were then added and incubated 
for 30 min at 37°C before labeled target cells (hot targets) 
were added. Cytotoxicity was assessed as described above. 
Percent inhibition was calculated as: (% specific lysis without 
cold target - % specific lysis with cold target)/(% specific 
lysis without cold target)xl00. 

Antibodies 

mAb T4 (anti-CD4), mAb T8 (anti-CD8) and MSIgG (control 
antibody) were obtained from Coulter Immunology (Hialeah, 
FL). mAb UCHT1 (anti-CD3), W6/32 (anti-HLA class I), DK22 
(anti-HLA DR) and E29 (anti-EMA; anti-protein core epitope of 
MUC1) were purchased from Dakopatts (Glostrup, Denmark). 
mAb MUSE11 recognizes a protein core epitope of MUC1 
(18) and was purified using a Protein A column (MAPS II 
system; BioRad, Richmond, CA). mAb against CD16, ap TCR 
and y5 TCR were obtained from T cell Science (Boston, MA). 
mAb TCR Pan a(5 used for the blocking assay was purchased 
from Immunotech (Marseille, France). . 

For target blocking assays, antibodies W6/32, DK22, 
MUSE11, E29 or MSIgG were added to the wells in which 
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51 Cr-iabeled target cells had been seeded. The effector cells 
were added after the plates had been incubated for 30 min 
at room temperature. For effector blocking assays, mAb 
UCHT1, TCR Pan ccp, T4, T8 or MSIgG were added to the 
wells in which lymphocytes had been seeded. The target 
cells were added after the cells had been incubated for 30 
min at room temperature. Then the cytotoxicity assays were 
performed as described above. 

For determination of cell surface phenotype of TS and KY 
cells, indirect immunofluorescent assays were performed as 
previously described (19). Briefly, cells were incubated with 
a saturating amount of mAb for 30 min on ice, washed twice 
with PBS and then incubated with FITC-conjugated rabbit 
anti-mouse Ig (Dakopatts) for 30 min on ice. After washing 
twice with PBS, cells were analyzed by flow cytometry (Epics 
Profile II, Coulter Electronics). 

Establishment of MUC1-transfected cells and inhibition of 
glycosylation with benzyl-a-GalNAc 

Transfection of MUC1 gene into a human colonic carcinoma 
cell line CHCY1 was performed as previously described (12). 
A mammalian expression vector pHpAPr-1-neo containing the 
full-length MUC1 cDNA (20) and a vector containing antisense 
MUC1 cDNA were kindly provided by Dr Richard S. Metzgar, 
Duke University. Liposome-DNA mixture was made of 20 p.g 
of the plasmid DNA and 60 jil of Transfectace (Gibco/BRL, 
Grand Island, NY) in 6 ml of DM EM. CHCY1 cells were 
washed twice with DMEM and then incubated with 6 ml of 
the liposome-DNA mixture over night. Then, 6 ml of DMEM 
supplemented with 20% FCS (v/v) was added and the cells 
were incubated for 24 h. The media were then replaced with 
DMEM with 10% FCS (v/v) and they were then incubated for 
another 72 h. G418 (Geneticin; Gibco/BRL) was added in the 
culture at a concentration of 800 u.g/ml. The transfectants 
were cloned by limiting dilution. MUC1+-CHCY1 is a sense 
MUC1 gene transfectant and MUC1"-CHCY1 an anti-sense 
MUC1 gene tranfectant. 

For inhibition of glycosylation, MUC1 + -CHCY1 cells and 
MUCr-CHCY1 cells were incubated in 10% FCS/RPMI 1640 
supplemented with 5 mM benzyl-GalNAc (Sigma) for 5 days. 
Benzyl-GalNAc is a competitive inhibitor of mucin glycosyl- 
ation (21). 

Results 

Establishment and characterization of CTL lines TS ahd KY 

Bone marrow lymphocytes stimulated with allogeneic MUC1- 
positive cells proliferated for at least 3 weeks, though four 
out of six cultured cells declined in number after having been 
cultured for a longer time. Two out of six cultured cells 
proliferated up until 10 weeks, and the CTL lines TS and KY 
were established. The analysis of KY cells was limited because 
we could not obtain sufficient CTL from the small number of 
initially cultured bone marrow cells. 

Cytotoxicity of TS and KY cells was investigated using a 
panel of human tumor cell lines (Table 1 ). TS cells showed 
definite cytotoxicity against two of three breast carcinoma 
cell lines, four of four myeloma cell lines, two of two gastric 
carcinoma cell lines, two of two colonic carcinoma cell lines 
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and against a B cell line. KY cells showed less broad activity, 
though one of three breast carcinoma cell lines and three of 
three myeloma cell lines were lysed. All the cell lines lysed 
by the CTL lines expressed MUC1 mucin as judged by mAb 
(data not shown). HLA-allelic typing of the tumor cell lines 
lysed by the CTL disclosed no apparent HLA-A, -B, -C or 
-DR restriction (Table 2). NK/LAK cell-sensitive K562 cells 
were not killed by either TS or KY cells at ail, thus the broad 
reactivity of these CTL lines is not explained by a non-specific 
NK/LAK cell-like activity. 

Cell surface phenotypes of the CTL lines were analyzed by 
flow cytometry (Fig. 1). CTL lines TS and KY expressed CD3 
and TCR ap chains, but not yS TCR or a NK cell marker, 
CD16. Other NK cell markers CD56 and CD57 were also 
negative (data not shown). TS cells mainly consisted of CD8 4 " 
(86.2%). On the contrary, most KY cells were positive for 
CD4 (89.3%). 

Characterization of lysis mediated by the CTL 
Blocking assays using mAb were performed to investigate 
the mechanism of recognition of target cells. As shown in Fig. 
2(A and C), the cytotoxicity of TS and KY cells was inhibited 
by an anti-CD3 mAb, though no significant inhibition by an 
anti-CD4 mAb nor by an anti-CD8 mAb were observed in 
effector blocking assays. In target blocking assays, no definite 
inhibition by anti-HLA mAb were observed (Fig. 2B and D). 
These results were in agreement with our previous report 
about the HLA-unrestricted CTL line TN. Together with the 
HLA-allelic typing DATA, HLA is not likely to be the target 
molecule recognized by TS and KY cells. 

Both CTL lines were considered to have used their CD3- 
TCR complex for recognition of the target antigen. The TCR 
usage of TS cells was confirmed by a separate experiment 
using an anti-ap TCR mAb (Fig. 3). The cytotoxicity of TS 
cells was clearly inhibited by an anti-ap TCR mAb as well as 
by an anti-CD3 mAb in a dose-dependent manner. 

Target antigen for TS and KY cells 

To investigate the target molecule of the CTL lines, an 
H-ras-transformed mouse fibroblast cell line, EJ-NIH-3T3, was 
transfected with a sense MUC1 gene and an anti-sense 
MUC1 gene. We anticipated that accidental HLA matching 
would be precluded by using the mouse cell line. LAK cells 
equally killed both the transfectants (data not shown). Thus, 
the transfection of the MUC1 gene did not affect the suscepti- 
bility of the cells to non-specific effector cells. TS cells showed 
significant cytotoxicity against MUC1 + -EJ-NIH-3T3, but only 
marginal cytotoxicity was observed against MUC1"-EJ-NIH- 
3T3 (Fig. 4A). Thus, MUC1 is considered to be the target 
molecule of TS cells. The cytotoxicity of TS cells against the 
myeloma cell line RPMI8226 was clearly inhibited by MUC1 + - 
EJ-N1H-3T3, but not by MUCr-EJ-NIH-3T3, in cold target 
inhibition assays (Fig. 4B). Therefore, TS cells can recognize 
myeloma cells through the MUC1 molecule. 

As shown in Fig. 4(C), KY cells did not lyse either MUC1 + - 
EJ-NIH-3T3 or MUCr-EJ-NIH-3T3. As the cytotoxicity of KY 
cells against RPMI8226 was clearly inhibited by MUC1 + -EJ- 
NIH-3T3 but not by MUC1~-EJ-NIH-3T3 (Fig. 4D); however, 
KY cells also appeared to be able to recognize MUC1 on 
myeloma cells. 
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Table 1. Cytotoxicity of CTL lines TS and KY against a panel of cell lines determined by 51 Cr-release assay 



Cell type Cell line Specific lysis of TS {%) Specific lysis of KY (%) 







20 a 


10 


5 


20 


10 


5 


Myeloma 


KR4 


44 


22 


22 


_b 






KR12 


117 


104 


82 


45 


33 


19 




RPMI8226 


48 


44 


33 


78 


71 


50 




TAPC 


107 


95 


76 


36 


13 


4 


Breast 


MDA-MB-231 


65 


45 


28 


42 


18 


9 




SK-BR-3 


44 


21 


5 


7 


4 


3 




MRK-nu-1 


2 


-1 


0 


8 


7 


4 


Gastric 


JRST 


19 


13 


5 


4 


13 


11 




Kato III 


75 


69 


52 








Colonic 


DLD-1 


65 


45 


28 


1 


0 


2 




CHCY1 


29 


15 


8 








Bcell 


RPMM788 


28 


20 


14 








Tcell 


CEM 


6 


3 


4 








Erythroid 


K562 


4 


2 


-4 


2 


1 


-2 



a E/T ratio. 
b Not done. 



Table 2. HLA allelic typing of cell lines lysed by CTL 



Cell line 


HLA- A 


HLA-B 


HLA-C 


HLA-DR 


KR-4 


A*020 1/0201 


BM801/1801 


Cw*070 1/0701 


DRBri104/1104 


RPMI8226 


A*300 1/6802 


B* 1503/1 510 


Cw*0202/0304 


DRB1*0301/0301 


TAPC 


A*0207/2402 


BM518/4601 


Cw*01 02/0704 


DRB 1*0401/08032 


MDA-MB-231 


A*0201/0217 


BM002/4101 


Cw*0202/1701 


DRBr0701/1305 


JRST 


A*2402/2402 


B*1501/1501 


Cw*0303/0303 


DRB1* 0403/0403 


Kato III 


A*0201/0207 


B*1501/4601 


Cw*01 02/0303 


DRBr08032/1501 


DLD-1 


A*0201/2402 


B*0801/3501 or 3507 


Cw'0401/0701 


DRB1*0301/1401 


CHCY1 


A*6802/6802 


B* 1503/1 503 


Cw'0802/1203 


DRB 1*0102/0102 


RPMI1788 


A*0201/3301 


B*1401 or 1402/0705 


CW0802/1505 


DRB 1*04051/0701 



A blocking assay of TS cells was also performed using 
anti-MUCl mAb. As shown in Fig. 5, anti-MUC1 mAb MUSE11 
and E29 clearly inhibited the cytotoxicity of TS cells; the 
epitope of the CTL was thus considered to exist in the protein 
core of MUC1. 

Inhibition of glycosylation affects recognition by antibody 
and CTL 

The MUC1 gene was transfected into a human colonic 
carcinoma cell line CHCY1 which expressed MUC1 weakly. 
As shown in Fig. 6, MUC1 + -CHCY1 cells showed only a 
minor augmentation of reactivity to an anti-MUC1 mAb when 
compared to MUCr-CHCY1 cells. When the MUC1 + -CHCY1 
cells were treated with O-glycosylation inhibitor benzyl-a- 
GalNAc, reactivity of the mAb was strongly increased. 

We then investigated the cytotoxicity of TS cells against 
these above cells to see the effect of Oglycosylation inhibitor. 
As shown in Fig. 7, susceptibility of lysis by TS ceils was 
strikingly augmented by the O-giycosylation inhibitor treat- 
ment of the MUC1 transfectant. On the contrary, no such 
enhancement of lysis was observed in the mock transfectant. 
Therefore increase in cytotoxicity could not be due to general 
cytotoxic effects of benzyl-a-GalNAc. The susceptibility of the 
cells seemed almost parallel to the reactivity to the mAb. 



Discussion 

A lot of studies have indicated that the immune repertoire of 
cancer patients contains B and T cells that recognize antigens 
expressed by autologous cancer cells. Recently, several 
genes encoding human tumor rejection antigens of melanoma 
and breast carcinoma have been identified (22). Those anti- 
gens were presented by HLA class I molecules as short 
peptides and recognized by autologous CD8 + CTL. Several 
studies to identify the epithelial tumor rejection antigens are 
currently under progression (23-25). 

In hematological malignancies, only a few studies have 
been performed to suggest the existence of tumor rejection 
antigens recognized by CTL (26-28). Graft-versus-tumor 
responses without graft-versus-host disease by infusion of 
donor leukocytes in relapsed leukemia and myeloma patients 
after bone marrow transplantation were reported (29-31 ). This 
was circumstantial evidence supporting the existence of tumor 
rejection antigens in hematological malignancies. 

In the previous study, we established an HLA-unrestricted 
CTL line TN which reacted with MUC1 from peripheral blood 
of a multiple myeloma patient with a large tumor burden. As 
far as we know, no other defined tumor-associated antigens 
recognized by CTL in multiple myeloma have been reported. 
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Fig. 1. Flow cytometric analysis of surface antigen expression of 
CTL TS cells (A) and KY cells (B) were stained with mAb 
(corresponding CD numbers are indicated) and analyzed with Epics 
Profile II flow cytometry. The cells stained without the first antibody 
were used as a control. Fluorescence intensities are shown on a log 
scale. The analysis was performed on all the cells in the viable 
lymphocyte population determined by the forward and 90° light 
scatter profiles. 
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Fig. 2. Inhibition of cytotoxicity of CTL by mAb. (A and C) Cytotoxicity 
assay after incubating effector cells with mAb. TS cells (A) and KY 
cells (C) were incubated with mAb against CD3, CD4 and CD8, and 
then cytotoxicity assays were performed against RPMI8226 cells. 
The final concentration of the mAb was 5 ug/ml. (B and D) Cytotoxicity 
assay after incubating target cells with mAb. RPMI8226 cells were 
incubated with anti-HLA class I and DR mAb and then cytotoxicity 
assays of TS (B) and KY (D) were performed. The final concentration 
of mAb was 50 ug/ml. E:T ratios were 10:1 (A and B) and 5:1 (C and 
D). The bars mean ± SE of triplicate samples. 



T cells in bone marrow mononuclear cells of multiple myeloma 
patients have recently been shown to possess distinct features 
in terms of susceptibility to CD3 stimulation and cytokine 
production compared with normal bone marrow T cells and 
this could be exploited to generate anti-plasma cell activity 
(32). In this study, we therefore used bone marrow mono- 
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Fig. 3. Involvement of ap TCR in recognition of target cells. TS cells 
were incubated with anti-ccp TCR mAb, anti-CD3 mAb and MSigG 
(control) at various concentrations and then cytotoxicity assays were 
performed against MDA-MB 231. E:T ratio was 10:1. 
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Fig. 4. Target antigen recognition by CTL. (A and C) Cytotoxicity 
assay of TS cells (A) and KY cells (C) against MUC1 +-EJ-NIH-3T3 
and MUC1--EJ-NIH-3T3. (B and D) Cold target inhibition assay. 
Cytotoxicity assays against a myeloma cell line RPMI8226 were 
performed after incubating effector cells with unlabeled inhibitor cells. 
E:T ratios were 10:1 (B) and 5:1 (D). 



nuclear cells as a source of lymphocytes in the expectation 
of a more efficient induction of CTL than would be the case 
by PBMC. Moreover, we tried to induce the CTL from six 
consecutive untreated multiple myeloma patients to eliminate 
the possibility that such CTL could have been accidentally 
induced by an idiosyncratic immune response of the previous 
patient. Two CTL lines designated as TS and KY were 
successfully induced from the bone marrow mononuclear 
cells. The CTL lines showed broad cytotoxicity against MUC1 - 
positive tumor cell lines regardless of the cell type, with the 
exception of K562 cells which are sensitive to NK/LAK cells. 
The cytotoxicities were not restricted by HLA-A, -B, -C or -DR 
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Fig. 5. Blocking of cytotoxicity of TS cells by anti-MUC1 mAb. MDA- 
MB-231 cells were incubated with mAb MUSE 1 1 , mAb E29 or MSIgG 
(control) and then cytotoxicity assays were performed. E:T ratio was 
10:1. Final concentrations of antibodies were (a) 25 ^ig/ml and 
(b) 12.5 fig/ml. Percent specific lysis without mAb was 15%. 
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Fig. 7. Cytotoxicity of TS cells against MUC1 transfectant treated 
with benzyl-GalNAc. BG denotes treatment with an O-glycosylation 
inhibitor benzyl-GalNAc for 5 days. 
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Fig. 6. Effect of benzyl-GalNAc on reactivity of an anti-MUCi mAb 
against transfectants. MUC1+-CHCY1 cells (A), benzyl-GalNAc- 
treated MUC1+-CHCY1 cells (B), MUC1"-CHCY1 cells (C) and benzyl- 
GalNAc-treated MUC1"-CHCY1 cells (D) were stained with mAb 
MUSE11 or without the first antibody as controls (dotted lines), and 
analyzed with Epics Profile II flow cytometry. Fluorescence intensities 
are shown on a log scale. The cells whose fluorescent intensities 
exceeded vertical broken lines were calculated as positive. Percent 
positive cells were as follows: (A) control 0.0%, MUSE11 40.4%; 

(B) control 0.1%, MUSE11 82.3%; (C) control 0.1%, MUSE11 15.6%; 

(C) control 0.0%, MUSE11 17.9%. 



as judged by HLA-allelic typing. The cytotoxicities of both 
CTL lines were not inhibited by anti-HLA mAb. Anti-MUC1 
mAb directly inhibited the cytotoxicity of TS cells. Moreover, 
inhibition of cytotoxicity against myeloma cells was observed 
by a mouse cell line transfected with MUC1 cDNA but not 
by antisense transfectants. Thus, the HLA-unrestricted CTL 
recognizing MUC1 were demonstrated to be inducible from 
bone marrow cells of multiple myeloma patients. 

The cytotoxicities of the CTL lines were inhibited by anti-CD3 
and anti-ocp TCR mAb. Thus the CTL lines were considered to 



have used their CD3-TCR complex for recognition of the 
target antigen. However, the contribution of not only TCR but 
other molecules (CD2, LFA-1 or other adhesion molecules) 
should be also considered because it is possible that the 
antibody treatment inhibited the signal from other molecules 
which bind to MUC1. 

Treatment of MUC1 -transfected Epstein-Barr virus-trans- 
formed B cells or normal mammary epithelial cells using 
O-glycosylation inhibitor phenyl-GalNAc or benzyl-GalNAc 
resulted in the exposure of tumor-associated epitopes recog- 
nized by anti-MUC1 protein core mAb (33,34) and MUC1 
transfected Epstein-Barr virus-transformed B cells treated 
with the inhibitor became more susceptible to an anti-MUC1 
CTL clone than the non-treated cells (35). We also investigated 
the effect of an O-glycosylation inhibitor on the recognition of 
MUC1 by the CTL. In this study, we transfected the MUC1 
gene into the colon cancer cell line CHCY1. Treatment of 
the transfectant with O-glycosylation inhibitor benzyl-GalNAc 
resulted in marked enhancement of reactivity with an anti- 
MUCi mAb. Thus, MUC1 in CHCY1 cells is considered to be 
highly glycosylated and most of the core protein epitopes 
were masked by carbohydrate chains. The susceptibility to 
the CTL was also strikingly augmented* by the treatment. 
In agreement with the previous report, our CTL line also 
recognized a protein core epitope on MUC1 which can be 
exposed through underglycosylation. 

CTL line KY mainly consisted of CD4 + T cells and showed 
less broad cytotoxicity than TS did. KY cells also failed 
to lyse the MUC1 transfected mouse cell line. However, 
cytotoxicity against the myeloma cell line RPMI8226 was 
clearly inhibited by the MUC1 transfectant in a cold target 
inhibition assay. CD4 + CTL preferentially lyse their targets via 
Fas-Fas ligand interaction, whereas the major cytotoxic effect 
of CD8 + CTL is by perforin and granzymes (36). It was 
reported that most myeloma cells expressed Fas and 
RPMI8226 cells showed a high sensitivity to Fas-mediated 
apoptosis (37). Lack of the human Fas molecule on the mouse 
cells may explain the resistance of the MUC1 transfectant to 
KY cells. The less broad cytotoxicity of KY might be due to 
lack of Fas on the tumor cell lines. However, we could not 
confirm apoptotic lysis of myeloma cells by CTL line KY 
because of the limited number of the cells. We also could not 
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conclude that the CD4 + T cells were responsible for the target 
cell lysis simply because KY cells mainly consisted of CD4 + 
T cells. 

Multiple myeloma cannot be cured with standard chemo- 
therapy. The use of high doses of chemoradiotherapy followed 
by hematopoietic stem cell transplantation has shown promise 
for selected patients with myeloma in some preliminary studies 
(38). However, multiple myeloma remains incurable at present 
and innovative treatments should be explored. In addition to 
the search for better chemotherapeutic regimens, therapies 
based on immunological modalities for multiple myeloma are 
under investigation (39-41 ). Our study indicated that a certain 
proportion (-30%) of myeloma patients are expected to 
harbor the CTL precursors against myeloma cells. Thus 
immunotherapy based on anti-MUC1 immunity such as vac- 
cination using MUC1 transfectant treated with O-glycosylation 
inhibitor or adoptive transfer of ex vivo induced anti-MUC1 
CTL might be considered as an alternative modality to chemo- 
therapy in the near future. 
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benzyl-GalNAc benzyl-2-acetamido-2-deoxy-a-r>. 

galactopyranoside 

CTL cytotoxic T lymphocyte 

EMA epithelial membrane antigen 

LAK lymphokine activated killer 

MLTC mixed leukocyte tumor cell culture 

PBMC peripheral blood mononuclear cell 
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